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A DIETARY FACTOR ESSENTIAL FOR GUINEA PIGS 


Vil. CHANGES IN THE DISTRIBUTION OF THE PLASMA PROTEIN 
DURING THE DEFICIENCY* 


By WILLEM J. van WAGTENDONK anp LEONARD P. ZILLT 
(From the Department of Chemistry, Oregon State College, Corvallis) 


(Received for publication, March 26, 1945) 


| The concentration of serum protein in normal humans is comparatively 
im constant, ranging from 6.0 to 8.0 gm. per 100 cc. (1-3). The range of 
albumin is from 3.6 to 5.4 gm. per 100 cc. and that of globulin from 1.5 
‘to 3.4 gm. per 100 cc. From the values reported in the literature the 
re for the albumin-globulin ratio may be given as 1.2 to 2.6. The 
‘imation of the serum proteins in the various forms of renal disease is 
considerable value. In non-hemorrhagic degenerative Bright’s disease 
rnephrosis the serum protein is decreased markedly and this is due almost 
entirely to a deficit of albumin (1, 4). The tendency toward edema in 
phrosis is closely related to the serum albumin concentration. In acute 
merular nephritis the plasma protein concentration may remain within 
mal limits, although in severe cases considerable deficits may be en- 
untered (5). Lowering of the serum protein level, which is chiefly at 
expense of the albumin fraction, is also found in cirrhosis of the liver 
7). Non-protein nitrogen retention is experienced not only in impair- 
nt of renal function or urinary obstruction but is encountered also in 

: es of excessive tissue protein catabolism. 
| There is also a close relationship between the calcium and protein 
content of the serum. McLean and Hastings (8) have demonstrated that 
| total serum calcium, calcium ions, and total serum proteins are related in 
bs manner which can be stated in an equilibrium equation. Their exper- 
ts led to the conclusion that the calcium of the serum is present 
entirely as calcium ions and calcium bound to protein. In cases of 
ormality in the calcium concentration in blood serum the possibility 
ists that it is associated with an abnormal distribution of the serum 
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It has been found in previous investigations that a deficiency of the 
antistiffness factor results, among other pathological manifestations (9), 
in an abnormal distribution of the acid-soluble phosphorus in the liye 
and kidneys of the experimental animals, probably associated with damaged 
hepatic and renal function (10), an increase in the level of serum phosphate 
and serum calcium (11), and a lower level of serum phosphatase (19), 
An abnormal distribution of the serum proteins cduld be expected ag q 
result of or in conjunction with the above mentioned changes in phosphons 
and calcium metabolism and might explain several of the symptoms of the 
deficiency. The present investigation was undertaken with this purpose 
in mind. 


EXPERIMENTAL 


A group of 250 guinea pigs was used for this experiment. The animals 
were raised on the deficient diet as described by van Wagtendonk (10). 
The diet consisted of skim milk powder to which adequate amounts 
minerals and the known vitamins had been added. The animals wer 
sacrificed at various intervals. The blood was collected by cardiac puncture 
under nembutal anesthesia and was sampled in tubes containing heparin 
(2 mg. per 15 ce. of blood) to prevent clotting. After centrifuging for 
10 minutes at 4000 r.P.m., the supernatant serum was used for the deter- 
mination of the distribution of the proteins according to the procedure of 
Greenberg (13). For the precipitation of globulin 0.25 cc. of plasma was 
diluted to 8 ec. with 22.5 per cent Na,SO, solution. After a small erystal 
of thymol was added, the solution was incubated for 5 hours at 37°. The 
solution was then filtered (Whatman. No. 42). The filtrate contains the 
albumin and non-protein nitrogenous compounds. The precipitate, 
representing the globulin fraction, was dissolved in dilute NaOH solution. 
For the determination of the total protein and non-protein fractions 0.75 
ec. of plasma was diluted to 7.5 cc. with isotonic NaCl solution. 2 ce. 
this solution were used for the total nitrogen determination. The 
mainder of the solution was treated with 5.5 cc. of 10 per cent trichloroacetie 
acid and filtered after 10 minutes. A 5 cc. sample was used for the deter 
mination of the non-protein nitrogenous compounds. The nitrogen 
content of the fractions so obtained was determined by the micro-Kjeldall 
method, with the digestion mixture recommended by Rinehart é @ 
(14). All fractions were calculated as nitrogen. The data were analyzed 
statistically according to the methods of Fisher (15). 


Results 


In Table I are presented the mean values of the different nitroge 
fractions in the plasma of guinea pigs receiving “normal” diets as follows: 
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(a) the stock diet composed of rolled barley, greens, iodized salt, straw, 
and water ad libitum, and (b) a raw milk diet for 70 weeks. As was ex- 
pected, the distribution of the plasma proteins remained essentially un- 
changed during the period investigated. In those animals receiving the 
raw milk diet a slightly (but not significantly) higher concentration of all 
the fractions with the exception of the globulin fraction was found. The 


TaBLe I 
Distribution of | N itroge n in Plasma of Guinea Pigs Receiving Stock Diet 
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N . Mean and standard error, mg. per 100 cc. , 
NO, of A bumin 
Age determina- > — } : 

















tions Total N =. m. | Aleasin | Cet Globulin 
wks. | | 
10 5 719 + 17/691 +16) 2843 | 357 + 36 | 334 + 34 1.07 
12 a 684 + 13 663415) 2143 | 308 + 42/3564 52| 0.87 
16 15 749 + 14/721 +16) 282422 | 342 + 20) 380+ 24; 0.95 
72  +%wW (707 + 52/639 + 53!) 6844 | 319 + 31 | 320+ 32] 1.00 
72* 10 «842 + 69 759 + 67) 8345 | 410 + 91| 3484 37] 1.18 








* This group of animals had received a raw milk diet for 70 weeks. 


TaBLeE II 


Distribution of Nitrogen in Plasma of Guinea Pigs Receiving Diet Deficient in Anti- 
stiffness Factor 





Mean and standard error, mg. per 100 cc. 




















Time on i. i ee -. Albumin 

wf diet | ‘Sations | Total x | Total | Non-_ | Albumin | Globulin | Globulin 
| ‘| protein N | protein N | N oa N 

wks, | gk Mamas | 
-_—!. 1 15 | 749 + 23, 684 + 27/56 + 4 228 + 27/4664 31) 0.49 
= | 2 15 S44 + 16/781 + 19 58 + 3 | 345 + 16, 441 + 26) 0.65 
16 3 15 795 + 15 750417, 45 + 4 | 204 + 20) 546 + 32 0.37 
Ss | 7 S O11 + 26) $27 + 26/ 84 + 13 | 215 + 31) 612 + 38) 0.35 
4] | 28 15 923 + 22 855 + 23) 67 + 3 | 224 + 42) 631 + 48, 0.36 
70 57 


16 800 + 26 816 + 20] 82 + 3 | (208 97) 538 a 45 0.56 








thumin-globulin ratio was higher in these animals than in those on the 
tock diet. 

Values for the protein distribution in animals raised on a deficient diet 
we given in Table II. The total protein nitrogen showed a significant 
inerease during the deficiency. This was mainly due to an increase in 
the globulin and non-protein nitrogen fraction. The albumin nitrogen 
¥a8 significantly lower in the deficient animals than in the normal ones. 
AS a consequence the albumin-globulin ratio was much lower in the de- 
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antistiffness factor is given for a longer period (Experiment 3 of Table Il), 
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ficient animals than in the normal ones, a difference which was already 
evident in the Ist week after the animals had been started on the skim 
milk diet. 

It was shown previously that an abnormal distribution of the agid. 
soluble P in the liver and kidneys of deficient animals could be restored 
to normal by the administration of the antistiffness factor in five cop. 


Tas_e III 


Effect of “Cure’’ with Antistifiness Factor on Distribution of Plasma Nitrogen of 
Guinea Pigs Raised on Skim Milk Diet 





Deficient Supplement of antistiffness factor 


Mean + standard error, 


2 Mean + standard error, 4 & 
2 mg. per 100 cc. S 3 mg. per 100 cc. 
=) |el#l |¢iz ge i€| |3(z | 
: aE: gi g/2/2 3s. |2] | ldlele! 
z | eieizif ici s/s isis! cs ISle!lElEl sila lau 
_- ~~ iSialisal| 26s igiz| 8 lelala] 4 3/65 
RB) ef eisleiei2/2/2 28)  Sleleis/ lai 
Mie RZ, |e | 42) <<] Oo lo] A Zi\e& |e |42\/< |S ie 
wks. | wks ¥ | 
1/20; 7) 8 | 911) 827) 84) 215) 612/0.35) 0.5* 7 910) 823) 86! 224) 599) 0.37 
| | | | 26)-+26)-4+13)431)/438) | +11 +47 49/+49)445) 
2| 32 | 19 | 5 | 870) 779) 91) 213) 567/0.37| 0.5*| 10; 920) 841) 79 296 544) 0.54 
ae 18/420) +8)/+69/+74| 22) + 22)+1/+40\431) 
32 | 19 5t 5. 901) 821, 80) 337) 480! 0.7 
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| 
* Administered in daily dosages of 0.1 y during the last 5 days of the experiment. 
t Administered in daily dosages of 1 y during the last 5 days of the experiment. 
t Administered in daily dosages of 1 y during the last 50 days of the experiment. 
§ Administered in daily dosages of 1 y during the last 100 days of the experiment. 
|| Administered every other day during the experiment. 


secutive dosages of 100 to 1000 units (0.1 to 1 y). It can be seen from 
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Experiments 1 and 2 reported in Table III that there is no speedy recovely a 
in the abnormal protein distribution following the administration of ths pay 
factor. The influence of the antistiffness factor in the dosages employed the red 
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grum proteins can be prevented by a continuous administration of the 
factor, as is clearly demonstrated in Experiment 4. 


DISCUSSION 


Abnormalities in the protein distribution in the plasma are important 
ff considered in conjunction with abnormal values for other blood con- 
stituents, in.particular the changes which may occur in the plasma calcium 
and plasma phosphorus. In a preceding paper of this series (11) high 
values for the plasma calcium and the plasma phosphorus during the 
deficiency of the antistiffness factor were reported. It was now found that 
this high calcium and phosphorus content was accompanied by a low 
dbumin-globulin ratio. The albumin concentration was lowered far below 
normal in deficient animals. 

In contrast to the immediate restoration of the easily hydrolyzable P 
fraction in the liver to the original level after administration of the anti- 
tiffness factor to deficient animals the protein distribution is normalized 
aly after a prolonged treatment.. A healthy condition in the liver is a 
prerequisite for the direction of the protein synthesis into normal channels. 
That this condition is not immediately attained after administration of 
the factor is evident from the experiments reported here and is in accordance 
with the findings reported earlier (10). For although the fraction of 
asily hydrolyzable P returned to normal after administration of the 
factor, a high concentration of inorganic P was still evident. The abnormal 
distribution of the serum proteins is therefore probably a secondary 
symptom of the deficiency. Owing to the effect of the deficiency on the 
phosphorus metabolism in the liver, the hepatic function is damaged, 
rsulting in deranged protein synthesis. 

About 62 per cent of the total calcium found in the plasma is present as 
diffusible calcium (16). Evidence points to the fact that the serum 
ibumin rather than the serum globulin contributes most largely to the 
binding of calcium. Gunther and Greenberg (17) noted that the albumin 
ind calcium content decreased simultaneously during jaundice and neo- 
plastic diseases. Csapo and Faubl (18) and Bendien and Snapper (19) 
tame to the conclusion that the non-diffusible calcium is completely united 
viththealbumin. The level of the serum protein concentration contributes 
toward the height of the serum calcium. A high level of the serum protein 
S usually associated with an increased level of serum calcium. A de- 
trease of the amount of serum calcium in cases of Bright’s disease parallels 
the reduction in the content of the serum proteins. 

In the animal deficient in the antistiffness factor a somewhat higher 
calcium level is associated with a high protein level. However, the albumin 
‘oieentration is greatly decreased during the deficiency disease. The 
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amount of calcium bound to the albumin must, therefore, have decrease 
accordingly. Since the calcium concentration is higher than in the norma) 
animal, a higher concentration of the unbound calcium must be pregegi 
in the blood. Also a significant increase of inorganic phosphate takes plage 
during the deficiency. The conditions for the formation of a colloidal 
form of calcium phosphate are therefore favorable, as was demonstrated 
by Scholtz (20), Laskowski (21), and Greenberg et al. (22). 5 

It is now possible to integrate to some extent the disturbances caused 
by a deficiency of the antistiffness factor. Apparently an early symptom 
of the deficiency is the rapid decrease in easily hydrolyzable phosphons 


in the liver and kidneys. As a result of this the mercuric-insoluble phos. | 
phorus and the inorganic phosphate increase. Some of the excess of the | 


inorganic phosphate is excreted in the urine. Owing to this change in P 
metabolism, the normal hepatic function is disturbed, resulting in a de 
ranged protein synthesis. In the muscle the adenosine triphosphate and 
the creatine phosphate concentrations are lowered, while the inorganic 
phosphate is increased (23). The alkaline serum phosphatase activity 
is also lower during the deficiency. While the total calcium concentration 
does not increase materially, the concentration of the unbound caleium 
increases owing to a lower level of the albumin fraction. As a result d 
the higher concentrations of calcium and inorganic phosphate in th 
blood and tissues, colloidal calcium phosphate is formed which may preeip- 
itate whenever the conditions are favorable for such a reaction. 


It is realized that no satisfactory answer has been given as to the mode | 


of action of this compound (enzyme or coenzyme?). These questions 


cannot be answered until the antistiffness factor has been identified. Work} 


along this line is in progress. 
SUMMARY 


Significant changes in the plasma protein distribution take place dumng 
a deficiency of the antistiffness factor. The total plasma nitrogen shows 
a significant increase due mainly to the rise in globulin nitrogen content. 
The albumin nitrogen concentration on the other hand decreases. As4 
result the albumin-globulin ratio is much lower in the plasma of deficient 
guinea pigs than in that of normal animals. A return to normal values# 
evident only after a prolonged administration of the antistiffness factor: 
The implications of these changes are discussed. 
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A MONOLAYER AND X-RAY STUDY OF MYCOLIC ACID FROM 
THE HUMAN TUBERCLE BACILLUS 


By STINA STALLBERG-STENHAGEN anv EINAR STENHAGEN 


(From the Institute of Medical Chemistry and the Institute of Physiology, 
University of Upsala, Upsala, Sweden) 


(Received for publication, January 29, 1945) 


The mycolic acids are the principal ether-soluble constituents of the 
waxes of acid-fast bacteria and have been isolated and studied by Anderson 
and his collaborators (1-5). Chemically the mycolic acids have been found 
to be hydroxy or hydroxymethoxy acids of very high molecular weight. 
Compounds of the same general type but of slightly different composition 
have been found in different acid-fast bacteria. The mycolic acids are 
acid-fast; 7.e., they are responsible for the characteristic staining properties 
of this group of bacteria (1). The determination of the structure of these 
compounds is a very important but difficult matter and the work in this 
direction with ordinary chemical methods has as yet not proceeded very far. 
Professor Anderson has been kind enough to place a number of mycolic 
acids at our disposal for monolayer and x-ray studies. 

Mycolic acid (the compound isolated from the human tubercle bacillus 
carries this name only; those from other acid-fast bacteria are denoted by 
suitable prefixes) has according to Stodola, Lesuk, and Anderson (1) the 
composition CssHi7O, or CssHizO;. The oxygen atoms are present as 
one carboxyl, one hydroxyl, and one methoxyl group. Mycolic acid melts 
at 54-56° and the specific rotation (in chloroform) is [a] > = + 1.8°. The 
compound has the appearance of a white amorphous powder. On heating 
under reduced pressure at 300-350°, n-hexacosanoic acid distils off. Lesuk 
and Anderson (5) prepared normycolic acid by reduction of diiodonormy- 
colic acid and were able to isolate from the reaction product also a small 
amount of a monohydroxymonocarboxylic acid with a higher molecular 
weight than the original mycolic acid. The acid had the approximate 
composition of CyosHos03; and gave n-hexacosanoic acid on pyrolysis. 
lesuk and Anderson concluded that the original mycolic acid probably 
contained two acids with very similar solubility properties. The relative 
proportion of the two components is as yet unknown; 7.e., it is not certain 
that the Ci, acid can be regarded as a minor impurity. On oxidation 
with chromic acid mycolic acid gave stearic acid, n-hexacosanoic acid, 
and 1,16-hexadecanedicarboxylic acid. 

EXPERIMENTAL 

Monolayer Investigation—The technique has been described previously 

(6). The melting point of the specimen of mycolic acid used was given 
255 
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as 55-56°. The oxygen content of the sample was checked-by a miep. 
analytical determination of oxygen by the Schiitze-Unterzaucher method (7), 


Analysis—CysHinO, (1296). Calculated, O 4.93; found, O 4.86. 


Spreading was effected from a solution in petroleum ether (b.p. 60-80"), 
The area values have been calculated with the formula CgsHy70,. 

The force-area curves for mycolic acid in the undissociated state at 
different temperatures are shown in Fig. 1. At temperatures below 35° 
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Fic. 1. Force-area curves for mycolic acid monolayers at different temperatures 
when spread on 0.01 x hydrochloric acid. 


mycolic acid forms a plastic solid film which is very unstable even at the 
lowest surface pressures. Above this temperature expansion takes place 
and the expanded monolayer is more stable. At 40°, the limiting area 
is 106 sq. A and transition into the condensed state starts at an area o 
90 sq. A and a pressure of 2.5 dynes. The monolayer is reasonably stable 
up to about 7 dynes pressure, but above this point a gradual collapse sets 
in. In the expanded region below 2.5 dynes pressure the monolayer 8 
liquid but rather viscous and begins to show elastic properties somewhat 
below the transition point. Although the monolayer very much resembles 
the liquid-expanded type (8), it is doubtful whether it is a true liquid evel 
at the limiting area. After the transition the monolayer gradually solid- 
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ifies to an elastic solid. On reexpansion from 10 dynes pressure the force- 
area curve falls below that obtained on the original compression, indicating 
that an irreversible partial collapse has taken place. The limiting area 
and the lower part of the force-area curve are reproducible within less than 
2per cent in different runs. At 50° the monolayer is fully expanded. The 
temperature of half expansion under 1.5 dynes pressure is about 41°. 

The results obtained with the Langmuir-Adam balance were checked 
by a series of experiments with a recording surface balance of the Wil- 
helmy-Dervichian type (9). 

The behavior of mycolic acid monolayers on different substrates at a 
temperature of 45° has been studied. The force-area curve is only very 
slightly changed by a change in the hydrogen ion concentration of the 
substrate, but there is a small increase in the limiting area on 0.01 N 
sodium hydroxide. Barium ions in a neutral substrate (BaCh, 3 & 10-* Mm; 
KHCO;, 4 X 10-* m) have a slight condensing effect. 

Although at 20° the monolayer is very unstable and the pressure after 
a compression rapidly falls nearly to zero, it was found that the surface 
potential first rises and then, on further reduction of the area, attains a 
constant value. This “saturation” potential is usually constant within 
10 millivolts for different parts of the film, and the values found in different 
runs usually agreed within 15 millivolts, although sometimes larger devia- 
tions were found. The saturation potential for mycolic acid at different 
pH values is shown in Fi ig. 2. The substrates having a pH of 2 or lower 
consisted of hydrochloric acid in appropriate concentration, from pH 3 
to 11 they consisted of a universal buffer (10), diluted 10 times, and the 
substrate of pH 12 was made up of 0.01 N sodium hydroxide. The values 
for the normal chain myristic acid given by Schulman and Hughes (11), 
who employed a similar procedure of measuring the potential of a surface 
excess of the substance, are also included in Fig. 2 for comparison. 

The surface potential of undissociated mycolic acid is about the same, 
400 millivolts, as that of the normal chain myristic acid. The rise in 
potential observed for normal chain acids on very strong acid (4 N hydro- 
chlorie acid) is probably due to oxonium complex formation (11). The 
three polar groups of mycolic acid are all capable of oxonium complex 
formation, but in spite of this we found no rise in the surface potential in 
this region. At pH values higher than 4 the surface potential falls as a 
result of ionization. Above pH 10 the acid is fully ionized and the surface 
potential remains fairly constant at about 100 millivolts. As the surface 
potential of hydroxyl and methoxyl groups is constant between pH 2 and 
10 (11), the change in potential is entirely due to ionization of the carboxyl 
group, provided that there is no change in potential in this region due to 
torientation of the hydroxyl or methoxyl groups. As the type of mono- 
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layer remains apparently the same, reorientation is not likely and the pH 
value at the point of inflection of the surface potential-pH curve thus prob. 
ably corresponds to the point of half dissociation of mycolic acid, i.e, to 
the (monolayer) dissociation constant. Mycolic acid with a pK (mono. 
layer) of about 7.5 thus appears to be an acid of about the same strength 
as the normal chain myristic acid. 

Attempts to build multilayers of mycolic acid with various substrates 
and temperatures were unsuccessful. 
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Fia. 2. Variation of ‘“‘saturation potential’ with pH of substrate for mycolic acid 
monolayers at 20°. The values for the normal chain myristic acid given by Schulman 
and Hughes (11) are shown in the dash line curve. 


It is remarkable that the large mycolic acid molecule which contains only 
4 oxygen atoms, distributed within three different polar groups, for 88 
carbon atoms, forms a monolayer of theliquid-expanded type. Liquid- 
expanded monolayers showing sharp transition points have as yet been 
found among branched chain compounds only if the molecule has a long 
chain with comparatively short branches. It is evident that the carboxyl 
group anchors the molecule to the surface but it appears very unlikely 
that the carboxyl group alone would be sufficient to cause spreading. The 
structure of the molecule therefore probably allows access to the water of 
at least one of the other polar groups. The monolayer experiments also 











Ss ro TF 


B 











STALLBERG-STENHAGEN AND STENHAGEN 259 
show that the cross-section of the molecule at no part of its length can be 
larger than that occupied by three parallel hydrocarbon chains. 

z-Ray Investigation—Specimens of mycolic acid suitable for x-ray in- 
vestigation were prepared by carefully pressing a small amount of the acid 
onto a small glass slide (6 X 20 mm.) or melting the acid onto glass by 
means of the hot wire technique (12). The x-ray investigation was carried 
out in the usual manner with nickel-filtered copper Ka radiation (13). The 
distance from specimen to photographic film was 10.0 cm. 

The diffraction pattern of a pressed specimen of the acid (as received or 
reprecipitated from solvents) showed three side spacings of 4.58, 3.86, 
and 3.57 A respectively. The 4.58 A spacing was strong and fairly sharp, 
the two others weaker (3.57 A weakest) and somewhat diffuse. In spite 
of very long exposures no trace of a long spacing was observed. It is 
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Fic. 3. Approximate relative intensities of the 00/1 reflections of the a form of 
mycolic acid. Intensity of the first order was difficult to estimate owing to the strong 
background around the central spot resulting from the long exposures needed. 


evident that, probably also due to the inhomogeneity of the acid, the tend- 
ency to crystallize is poor. A specimen that had been melted onto glass 
showed only one very broad and diffuse side spacing of about 4.2 A, but 
long exposure (more than 20 hours with a Philips type 25 101 tube running 
at 30 kilovelts and 20 milliamperes) also brought out a series of orders of 
avery long spacing of 100 + 1.5 A. The estimated relative intensities 
of the latter are recorded in Fig. 3. These might be useful for checking 
any proposed structure for mycolic acid. At present too little is known 
about the crystalline arrangement and the structure of the molecule to 
make any calculations profitable. 

These results suggest that the acid exists in two crystalline modifications. 
The behavior of mycolic acid on melting supports this conclusion. On 
heating a specimen of the acid (obtained by precipitation from solvents) 
ha capillary tube at a rate of 1° every 5 minutes, a slight sintering starts 
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at 52-53°. Above 55° the material becomes increasingly transparent and 
it is fully transparent at about 56.5°, but does not liquefy completely until] 
a temperature of about 58° is reached. On cooling the melt, the exaet 
point of solidification is difficult to determine, but the material is stil] 
fully transparent at 53°. On further cooling the material becomes trans. 
lucent rather than transparent and retains this appearance on being kept 
at room temperature. 

The thermal behavior of mycolic acid may be compared with that of 
long normal chain hydrocarbons. At lower temperature these exist in 
opaque crystalline forms with vertical or tilted, non-rotating chains 
(14,15). Ata temperature a few degrees below the melting point a transi- 
tion occurs to a transparent form. The series of side spacings given by 
the opaque form disappears in favor of a single side spacing of 4.1 to 42 
A, but for the opaque form in which the chains are vertical (normal or 
A form) there is no appreciable change in the long spacing. In the trans- 
parent form thus obtained the chains are vertical and rotating and as 
a result the packing of the chains shows a higher (hexagonal) symmetry 
(14). The single side spacing of about 4.2 A is typical for rotating or in 
the solid state randomly distributed hydrocarbon chains (smectic state 
(16)). The transparent a forms of ethyl esters and glycerides belong to 
this class. In these cases the chains are always vertical. 

Applied to mycolic acid the above would suggest the following. Mycolie 
acid obtained from solvents crystallizes in a non-rotating, opaque form. 
The crystallites are probably very small and it cannot be decided whether 
the chains are vertical or tilted. On heating above 52°, there is a gradual 
change to a transparent form with vertical rotating chains which is fully 
developed before final melting sets in. On cooling the acid first solidifies 
in this transparent a form. On further cooling below 53° the material 
becomes translucent rather than transparent and it is probable that at 
lower temperatures the chains are no longer rotating but that the high vis- 
cosity of the material prevents the large and awkwardly shaped molecules 
from taking up a more orderly arrangement and the molecules are therefore 

‘simply “frozen” with vertical chains arranged in a random fashion. In 
view of the fact that mycolic acid is probably inhomogeneous it might be 
pointed out that the presence of homologous impurities tends to stabilize 
otherwise metastable a forms (15). The long spacing of 100 A given by 
melted specimens of mycolic acid therefore most probably corresponds to 
the length of one or two mycolic acid molecules, depending on whether 
the arrangement is one with single or double molecules respectively. 48 
layers with vertically oriented rotating or randomly distributed molecules 
would behave optically as a uniaxial crystal, specimens prepared by the 
technique described by Bernal and Crowfoot (12) were examined in polarized 
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light. It was found impossible to prepare specimens that were sufficiently 
well oriented, however, and no definite conclusion could be drawn from the 
optical examination. It appears safe, however, to conclude that the length 
of the mycolic acid molecule is either 50or 100A. Carboxylic acids have pre- 
viously always been found to crystallize with a double molecule arrangement. 
Mycolic acid possesses 87 carbon atoms in the hydrocarbon chain. An un- 
branched hydrocarbon chain containing this number of carbon atoms 
would have a length of 111 A and a length of the molecule in the crystal 
of only 50 A would require some form of “hairpin” molecule, somewhat 
resembling that of the diglycerides. Opposed to this, as has been pointed 
out above, is the fact that up to now monolayers of the liquid-expanded 
type showing sharp transitions have only been given by branched chain 
molecules that consist of a long chain with only short side chains. 

It might be possible to settle this question by an x-ray investigation of 
suitable derivatives of mycolic acid. 


We are greatly indebted to Professor R. J. Anderson for providing us 
with a sample of mycolic acid and for his interest in the work. Financial 
support from the National Swedish Antituberculosis Association and the 
Rockefeller Foundation is gratefully acknowledged. 


SUMMARY 


Mycolic acid gives monolayers resembling the liquid-expanded type with 
a temperature of half expansion of 41°. The monolayer is unstable when 
the area per molecule is reduced below 60 sq. A. Mycolic acid is micro- 
crystalline and specimens precipitated from solvents give x-ray diffraction 
patterns showing three side spacings of 4.58, 3.86, and 3.57 A respectively. 
Melted specimens show one very diffuse side spacing of 4.2 A and also 
several orders of a long spacing of 100 A. The behavior of the substance 
indicates that in the latter modification the molecules are vertical. The 
length of the molecule is therefore probably either 50 or 100 A, depending 
on whether the arrangement is one with single or double molecules. Fur- 
ther work on suitable derivatives is necessary to settle this question. 
Possibly due to inhomogeneity of the acid the tendency to crystallize is 


poor and no long x-ray spacing has been obtained from specimens prepared 
from solvents. 
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PHENYL PANTOTHENONE, AN ANTAGONIST OF 
PANTOTHENIC ACID 


By D. W. WOOLLEY anp M. L. COLLYER 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, April 3, 1945) 


It has recently been shown that the ketone analogues of nicotinic acid 
(1) and of p-aminobenzoic acid (2) caused signs of deficiency of these 
yitamins in animals and bacteria, and that these effects of the ketones were 
overcome by simultaneous administration of increased quantities of the 
structurally related vitamins. It was therefore of interest to determine 
whether the exchange of a ketone group for a carboxyl group was a general 
method for the conversion of metabolites into inhibitory structural 
analogues (3). 

To this end ketone analogues of pantothenic acid have been synthesized 
and tested for their ability to cause signs of pantothenic acid deficiency. 
N-(a,y-Dihydroxy-8 ,8-dimeathylbutyryl)aminoethyl methyl ketone,~ the 
methyl ketone analogue, which may be called methyl pantothenone, was 
deleterious to the growth of bacteria, but its effects were not erased by 
pantothenic acid. The corresponding phenyl ketone, however, did pro- 
duce reversible inhibition of microbial growth. This substance, which 
was N-(a,y-dihydroxy-8 ,8-dimethylbutyryl)aminoethyl phenyl ketone, 
was called phenyl pantothenone. 

The synthesis of phenyl pantothenone presented some difficulties, since 
aminoethyl phenyl ketone which should condense with the lactone moiety 
of pantothenic acid to yield the desired product was stable only as the 
hydrochloride. The free amino ketone readily condensed with itself to 
yield both quinoline derivatives and chain polymers. Three different 
schemes were devised to circumvent this obstacle and arrive at the desired 
ketone. In the first method, aminoethyl phenyl! ketone hydrochloride 
was allowed to react with an excess of a-hydroxy-8,8-dimethylbutyro- 
lactone for a short period in alcoholic sodium hydroxide and the mixture 
of substances which resulted was separated. Although this procedure 
gave rather poor yields, it was the most convenient of the three modes of 
synthesis, since it provided pure phenyl pantothenone without recourse 
to elaborate purification. The second method of synthesis consisted of 
conversion of aminoethyl phenyl ketone hydrochloride to its p-nitro- 
phenylhydrazone, condensation of the latter with the necessary lactone, 
and hydrolysis of the phenyl pantothenone p-nitrophenylhydrazone to 
phenyl pantothenone. This procedure was unsuitable because of the 
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difficulty with which the first hydrazone reacted with the lactone, and 
more especially because of the ease with which the amide linkage of the 
phenyl! pantothenone was split during hydrolysis of the second hydrazone. 
The third method of synthesis involved the conversion of pantothenic 
acid to the corresponding diacetyl acid chloride, the condensation of this 
compound with benzene in the presence of aluminum chloride, and the 
removal of the acetyl radicals by differential hydrolysis. The yields by 
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Fic. 1. Routes of synthesis of phenyl pantothenone 
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this method were good, but the product was contaminated with a non- 
nitrogenous material high in carbon which was removed with considerable 
difficulty. The chemical transformations are depicted in Fig. 1. 

The structure of phenyl pantothenone obtained by the first and third 
methods was confirmed by degradation to aminoethyl phenyl ketone 
hydrochloride and a-hydroxy-8 ,6-dimethylbutyrolactone. 
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EXPERIMENTAL 


Methyl Pantothenone—Aminoethyl methyl ketone hydrochloride was 
prepared from §-alanine according to the method of Keil (4). This was 
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refluxed in methanol for 1 hour with 1 equivalent of J-a-hydroxy-8,8- 
dimethylbutyrolactone' and 1 equivalent of N methanolic NaOH. A 
slight excess of N HCl was added to the cooled solution and the mixture 
was concentrated to half its volume under reduced pressure, and extracted 
with butanol. The butanol extracts when dried and concentrated left a 
liquid ketone. The material was not pure as judged by nitrogen content 
(found 7.0, calculated 6.5), but further purification was not possible. In 
view of the type of biological activity of the compound (see below) the 
synthesis was not investigated further. However, since an analogous 
reaction with aminoethyl phenyl ketone hydrochloride was shown to 
yield phenyl pantothenone, it was assumed that methyl pantothenone was 
contained in the preparation. 

Phenyl Pantothenone. From Aminoethyl Phenyl Ketone Hydrochloride— 
1.85 gm. of aminoethyl phenyl ketone hydrochloride, prepared from 8- 
alanine (5), and 1.50 gm. of l-a-hydroxy-8 ,8-dimethylbutyrolactone were 
dissolved in 10 ce. of absolute methanol. The solution was heated to 
boiling and slowly treated with 10 ec. of N NaOH in absolute methanol. 
The mixture was refluxed for half an hour, cooled, treated with 15 ee. of 
aquéous N HCl, concentrated under reduced pressure to about 10 ee., and 
diluted with 15 cc. of water. The resulting mixture was cooled and 
filtered from the crystals which had separated.2. The filtrate was extracted 
four times with ethyl acetate, and the extracts were dried with MgSO, and 
freed of solvent under reduced pressure. The residue which remained 
was taken up in 50 cc. of absolute ether, filtered, and the ether-soluble 
portion was shaken out with 50 ec. of cold N NaOH to remove unchanged 
lactone. The either phase was immediately dried with MgSO,, and freed 
of ether under reduced pressure. 400 mg. of a liquid were obtained. 


C,;H2O.N. Calculated, C 64.5, H 7.53; found, C 64.8, H 7.54 


When a 20 per cent solution in alcohol was stored for several days, white 
crystals slowly formed. These melted at 126°. The compound was 
moderately soluble in water and very soluble in aleohol. When it was 
mixed with 1 equivalent of p-nitrophenylhydrazine in alcohol solution, and 


‘We wish to thank Dr. R. T. Major of Merck and Company, Inc., for gifts of this 
compound. . 

*The white needles which formed at this point melted at 192° and gave analyses 
which corresponded to the formula C.;H2,O;N. This compound was quite stable to 
acid hydrolysis. It was inhibitory to the growth of all bacterial species used in this 
work but about 1 mg. per cc. was required for half maximal effect. Towards the two 
yeasts employed it was quite toxic (reduced growth to half the maximum at 3 y per 
ee, for Saccharomyces cerevisiae and at 2 y for Endomyces vernalis). The inhibition of 
growth was not relieved by pantothenic acid. The high activity against yeasts was 
shown to be associated largely with the low pH of the basal medium used for these 
organisms. 
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water was added, a hydrazone separated. If the dilution with water was 
not carried out very slowly, the hydrazone formed as an oil which solidified 
only with difficulty. The derivative began to soften at 110° and melted 
at 118°. 


CuHxOsN,y. Calculated, N 13.5; found, N 13.2 


From Aminoethyl Phenyl Ketone p-Nitrophenylhydrazone—1.85 gm. of 
aminoethyl phenyl ketone hydrochloride dissolved in 4 cc. of alcohol were 
added to a solution of 1.53 gm. of p-nitrophenylhydrazine in 10 ce. of 
warm alcohol plus 2 drops of acetic acid. The solution was quickly treated 
with 1 gm. of anhydrous sodium acetate in 10 cc. of water. The crystals 
which separated during storage in the cold were collected and recrystallized 
from alcohol. 1.9 gm.; m.p. 241-243°. 


CisHigO2N,. Calculated, N 19.7; found, N 19.7 


1 gm. of the above hydrazone and 2 gm. of l-a-hydroxy-8 ,8-dimethyl- 
butyrolactone were sealed in a tube and heated for 3 hours in an oil bath 
at 135°. The reaction mixture was then extracted with 50 cc. of ethanol. 
430 mg. of unchanged aminoethyl phenyl ketone p-nitrophenylhydrazone, 
m.p. 243°, remained undissolved. The alcohol extract was concentrated 
under reduced pressure and diluted with an equal volume of water. Here, 
as in the preparation of phenyl pantothenone p-nitrophenylhydrazone 
described above, it was necessary to add the water slowly if formation of 
an oily precipitate was to be avoided. The hydrazone was recrystallized 
and found to melt at 118° after softening at 109°. 

No very satisfactory method was encountered for the hydrolysis of 
the hydrazone to phenyl! pantothenone, but small amounts of biologically 
active material were obtained by refluxing a solution of the hydrazone in 
acetone plus 1 drop of concentrated HCl for 15 minutes. The p-nitro- 
phenylhydrazone of acetone (m.p. 144°) was separated from the phenyl 
pantothenone by concentration of the solution and extraction with ether. 
The phenyl pantothenone was obtained in very small yield as a yellow 
liquid. Attempts to regenerate phenyl pantothenone by treatment of the 
hydrazone with benzaldehyde and benzoic acid in aqueous suspension 
were not successful. 

From Pantothenic Acid—5 gm. of calcium d-pantothenate were dissolved 
in water and freed of calcium ion exactly with oxalic acid. The solution 
of pantothenic acid was then concentrated’ at low temperature to dryness. 
The residual syrup was dissolved in 50 ec. of acetic anhydride plus 10 ce. 
of dry pyridine and allowed to stand overnight. The excess reagents were 


* All evaporations described in this section were carried out under reduced 
pressure. 
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removed under reduced pressure, and the acetylation was repeated. 
The excess reagents were again removed and the last traces were distilled 
off with anhydrous benzene. The syrupy residue was dissolved in 50 ce. 
of dry ether and allowed to react at room temperature with 5 gm. of 
PCI. The excess reagent was filtered off and the filtrate was evaporated. 
The residue was dissolved in dry benzene, concentrated to dryness, and 
dissolved in 50 cc. of dry benzene. The solution was treated with 5 gm. 
of AICl;, and the mixture was refluxed for an hour. The cooled reaction 
product was shaken with 100 cc. of N HCI, and the organic phase was 
diluted with ether and extracted with water, then with sodium carbon- 
ate solution (to remove unchanged pantothenic and acetyl pantothenic 
acids), and dried with MgSO,. After the solvent was removed, the residue 
was dissolved in 50 ec. of N methanolic NaOH, and allowed to stand at » 
room temperature for 2 hours. 60 cc. of N aqueous HC] were added and 
the methanol was removed under reduced pressure. The aqueous solu- 
tion was then extracted four times with ethyl acetate, the extracts were 
dried with MgSQ,, and the preparation was freed of solvents. 3.6 gm. 
of a brownish oil were obtained. Although the per cent of C was too 
high and the N too low for this material to be pure phenyl pantothenone, 
the preparation was biologically active against Lactobacillus casei and 
Endomyces vernalis in amounts nearly the same as the effective doses of 
pure phenyl pantothenone. A difficultly crystallizable p-nitrophenylhy- 
drazone was obtained from it which softened at 110° and melted at 116°. 
Finally, acid hydrolysis (see below) led to the isolation of aminoethy] pheny! 
ketone hydrochloride and a-hydroxy-8 ,8-dimethylbutyrolactone in good 
yield. 

Hydrolysis of Phenyl Pantothenone—560 mg. of pure phenyl pantothenone 
obtained by the first method of synthesis were dissolved in 25 cc. of 
N HCl in 50 per cent alcohol, and the solution was refluxed for 2 hours. 
The alcohol was removed under reduced pressure, and the aqueous solution 
was filtered to remove a small amount of oil which had separated. It 
was then extracted four times with ethyl acetate, and the extract was 
dried and evaporated. 240 mg. of long needles were obtained which, 
after recrystallization from ether-petroleum ether, melted at 87°. The 
melting point was not depressed when the compound was mixed with 
authentic /-a-hydroxy- ,8-dimethylbutyrolactone. 

The aqueous residue from the ethyl acetate extraction was concentrated 
under reduced pressure and the residue was crystallized from alcohol. 
820 mg. of white crystals were obtained which melted at 109°, and at the 
same temperature when mixed with authentic aminoethyl phenyl ketone 
hydrochloride. The p-nitrophenylhydrazone was sparingly soluble in 
ileohol and melted at 238°. 
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Similar operations performed on 740 mg. of the crude phenyl! pantothe- 
none obtained by the third method of synthesis yielded 172 mg. of the 
lactone which melted at 89°. 


CsHioO;. Calculated, C 55.4, H 7.7; found, C 55.5, H 7.7 


340 mg. of aminoethyl phenyl ketone hydrochloride, m.p. 107°, and p- 
nitrophenylhydrazone, m.p. 243°, were also obtained. 

Method of Microbiological Tests—All of the bacterial species were culti- 
vated in the highly purified pantothenic acid-free medium of Landy and 
Dicken (6). For the yeasts, the synthetic basal medium described pre- 
viously (7) was used, except that thiamine was added and pantothenic 
acid was omitted. The inoculum in all instances was prepared by washing 
cells from a vigorously growing culture of the organisms with buffer, 
and diluting 50-fold. Graded amounts of pantothenic acid and of pheny] 
pantothenone were added to a series of tubes of basal medium; the tubes 
were sterilized in an autoclave at 15 pounds pressure for 15 minutes, cooled, 
and inoculated. The yeasts were grown in 25 cc. Erlenmeyer flasks and 
the bacteria were cultured in test-tubes. In all cases the final volume of 
medium in each tube or flask was 5 ce. Incubation was conducted at 37° 
(30° for Saccharomyces cerevisiae and Lactobacillus arabinosus) until good 
growth was obtained (24 to 48 hours, depending on the organism). Growth 
was then estimated turbidimetrically in the usual way in an Evelyn 
photoelectric colorimeter. The results were also checked by measurement 
of the pH of the cultures in the cases of those species which produced acid. 
Curves were drawn relating growth to amount of phenyl pantothenone 
added at a given constant level of pantothenic acid, and from these curves 
the amount of agent necessary to reduce growth to half maximum was 
determined. Graded amounts of phenyl pantothenone were tested at 
each of several levels of pantothenic acid, the highest of which was always 
sufficient to insure that any reversal of the inhibition would be readily 
apparent. This amount was usually 100 y per cc. 

Inhibition of Microbial Growth with Phenyl Pantothenone—As can be 
seen from the data in Table I, phenyl pantothenone was active in the pre- 
vention of growth of Lactobacillus casei. Table II will show that all 
microbial species tested were inhibited in growth by the compound. 

Reversal of Inhibitory Effect with Pantothenic Acid—It can be seen from 
the data in Table I that the inhibition of growth of Lactobacillus casei was 
relieved by an increase in the amount of pantothenic acid in the medium. 
This was also found to be true for Lactobacillus arabinosus and for hemolyti¢ 
streptococcus strain 0-90. Both of these species required pantothenic 
acid as a growth factor in the medium. For the other forms, with the 
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exception of Staphylococcus aureus,‘ which did not need pantothenic acid 
preformed, the inhibition of growth was not influenced by increases in the 


TABLE I 


Inhibition of Growth of Lactobacillus casei by Phenyl Pantothenone and Its 
Reversal with Pantothenic Acid 








; | 
Pantothenic acid 











Pheny! pantothenone Colorimeter reading 
¥ per cc. ¥ per cc. | 
0.04 | 0 37 
0.20 | 0 | 36 
0.04 110 | 90 
0.04 66 85 
0.04 44 | 40 
0.04 22 34 
0.08 110 79 
0.08 | 66 58 
0.08 44 40 
0.20 | 110 43 
TaBie II 


Amounts of Phenyl Pantothenone Required to Reduce Growth of Various Microorganisms 
to Half Maximum in Presence of 0.04 y of Pantothenic Acid per Ce. 














Pheny! | Reversal 
Organism | pantothe- pe A ae Pantothenic acid requirement 
none aci 
| + per ce. 
Lactobacillus casei................ 4 | OYess Required 
" arabinosus.............| 180 | “ as 
Hemolytic streptococcus, strain | | 
0-90 (Group B)............. 60 | ai “2 
Escherichia coli..... os tis | 2000* | No Not required 
Staphylococcus aureus.......... | 140 | Yes PL em ¥ but slightly 
| stimulatory 
Saccharomyces cerevisiae ...... il 33 No | Required but replaceable 
by 8-alanine 
Endomyces vernalis........... 39 oe Not required 








*Complete inhibition of growth was not obtained with this organism. 


pantothenic acid content of the medium. In this connection it is well to 
note that Saccharomyces cerevisiae, which can use §-alanine in place of 
pantothenic acid, belonged to the second category. 


‘The strain of Siaphylococcus aureus grew well without pantothenic acid, but was 
simulated to grow appreciably more by this vitamin. The effect of phenyl! pantothe- 
tone was completely reversed by pantothenic acid. 
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Stimulation of Growth by Phenyl Pan‘ thenone—Subinhibitory amounts 
of phenyl pantothenone caused slight, but consistent, increases in growth 
over the controls of several of the organisms examined. This was similar 
to the stimulatory effects observed with other inhibitory analogues of 
metabolites (7, 8). 

Effects of Aminoethyl Phenyl Ketone—Since the structural alteration 
involved in passing from pantothenic acid to phenyl pantothenone was in 
the 8-alanine portion of the molecule, it was of interest to determine the 
growth-inhibitory action of aminoethyl phenyl ketone. This was especially 
true in the case of Saccharomyces cerevisiae for which 8-alanine sufficed as 
a growth factor. Although all of the microbial species tested were inhibited 
in growth when the ketone was added to the media before sterilization by 
autoclaving, this effect was shown to be due to the formation of a harmful 
material by interaction of the constituents of the basal media with the 
ketone at high temperature. When the ketone was added aseptically 
after autoclaving, it was not deleterious to growth in concentrations 
similar to those of phenyl pantothenone. The inhibition of growth 
observed with the media which had been autoclaved with the aminoethyl 
phenyl ketone hydrochloride was not reversed by either pantothenic 
acid or 8-alanine. 

Growth-Inhibitory and Growth-Stimulatory Action of Crude Methyl 
Pantothenone—The impure preparation of methyl pantothenone reduced 
growth of Lactobacillus casei and Saccharomyces cerevisiae to half maximum 
at 0.1 to 0.5 mg. per ce. of medium, but this action was not reversed by 
increased pantothenic acid. On the other hand, when assayed for panto- 
thenic acid activity with either Lactobacillus casei or Saccharomyces 
cerevisiae the material was found to be 1 per cent as active as the vitamin. 


DISCUSSION 


The action of phenyl pantothenone in causing reversible inhibition of 
microbial growth when viewed in conjunction with the effects observed 
with 3-acetylpyridine and p-aminoacetophenone (1, 2) makes it seem prob- 
able that the exchange of a ketone for a carboxyl group is a general 
method for the conversion of metabolically active compounds into antagon- 
istic agents (3). These agents owe their action at least in part to the pro- 
duction of deficiency of the metabolites to which they bear structural 
relationship. In the cases of nicotinie acid and p-aminobenzoic acid, 
antagonistic compounds were produced by the substitution of methyl 
ketone groups for the COOH. When a similar change was applied to 
pantothenic acid (to give methyl pantothenone), little success was had. 
It may be of value to note that in the two former instances the ketone is 
attached to a negative, aromatic nucleus which may confer certain acidic 
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properties on the ketone, while in the latter instance the methyl panto- 
thenone has no adjacent negative group. Therefore the introduction of 
anegative group, as in the case of phenyl pantothenone, seemed desirable. 
This was the reasoning which led to the trial of this latter compound. 

The reversa! of the inhibitory action of phenyl pantothenone by panto- 
thenic acid only in those organisms for which the vitamin is a nutritive 
esential is noteworthy. With several antagonistic analogues, an effect 
js observed only in the case of organisms which require the related metab- 
olite preformed in the medium. Here, however, is an inhibitory analogue 
which was harmful to all species tested, but which was antagonized by the 
related vitamin only with those forms for which the vitamin was a growth 
factor. A similar situation has been recorded with glucoascorbic acid 
in animals. This substance caused a disease resembling scurvy in all 
species examined, but the effects of the agent were counteracted by ascorbic 
acid only in guinea pigs. This latter species was the only one which re- 
quired the vitamin in the diet (9, 10). 


SUMMARY 


Pheny! pantothenone, N-(a,y-dihydroxy-8 ,8-dimethylbutyryl)amino- 
ethyl pheny! ketone, the phenyl ketone analogue of pantothenic acid, has 
been synthesized by three separate procedures, and its structure confirmed 
by degradation to known compounds. This substance produced inhibition 
of growth of all microbial species tested. The action was reversed by 
increased pantothenic acid in the medium, but in general, only in the cases 
of organisms which required the vitamin preformed in the medium. 
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‘As noted earlier (foot-note 4), Staphylococcus aureus was an exception to this 
generalization. 





= > ££ SERB EBS RG ee BES” BEBBASBASeBaZ= SB af 2B ime 4 














ee ~ he, RN weet ys — a a> GENET Gusveshdidh. ce ann.adtineaaeieoan ee a ae Rese ee Soo om geen ne 
= — — = = — : —- ™ = 


— nS EL i a gn iy 
an at a ee a 
nt ae wee ~os a 


os 











THE MICROBIOLOGICAL DETERMINATION OF AMINO ACIDS* 
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In a discussion of the analytical data available on proteins, Vickery (2) 
in 1941 stated that few values for glutamic and aspartic acids were worthy 
df serious consideration. Since that time, however, several promising 
methods for the chemical analysis of glutamic acid have appeared. Chibnall 
ad coworkers (3, 4), by improved methods of isolation, have reported 
values considered to be accurate within 2 per cent. Determinations have 
iso been made by chromatographic adsorption (5, 6), by isotope dilution 
7), by enzymatic methods (8, 9), by calculation from electrometric titration 
md gasometric ninhydrin data (10), and by conversion to pyrrolidone- 
arboxylic acid (11). Although these methods are applicable to the study 
a pure proteins, they were too tedious and time-consuming for many 
mutine applications. Microbiological methods of assay (1,12—14) which 
vemed to offer more assurance of usefulness in such studies were, therefore, 
undertaken. 

Since initiation of this work, Dunn et al. (14) and Lyman et al. (15) have 
described microbiological methods for the determination of glutamic acid 
vith a basal medium composed of amino acids, vitamins, purine bases, and 
alts. Lewis and Olcott (16) used a similar technique except that a sup- 
temented “glutamic acid-free casein hydrolysate’ was substituted for 
the amino acid mixture. In each instance the assay organism was 
lactobacillus arabinosus. All of these workers found the utilization of 
tutamic acid by this microorganism to be somewhat unusual and its 
say slightly more difficult than that of other acids previously reported. 
It therefore seemed worth while to present additional data pertinent to 
this method. 


Materials and Methods 


Microorganism—Lactobacillus arabinosus 17-5 was used for all assays. 
microorganisms studied were L. pentosus 124-2, L. casei, and Leu- 
tmostoc mesenteroides P-60. 


*For Paper I of this series, see McMahan and Snell (1). 
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Inoculum—The stock stab cultures were maintained on yeast extract. 
glucose agar (1 per cent glucose, 1 per cent yeast extract, and 1.5 per cent 
agar) as previously described (1). The inoculum for assay was grown jp 
a medium which contained per liter 5 gm. of Bacto-peptone, 1 gm. of 
Bacto-yeast extract, 10 gm. of sodium acetate, 10 gm. of glucose, and 
5 ml. each of inorganic Salt Solutions A and B. Daily transfers were made 
serially from the broth with but weekly reference to the stock culture. 
An 18 to 24 hour culture was centrifuged, washed once with physiological 
saline, and resuspended in 10 ml. of saline. 1 drop of this suspension per 
2.5 ml. of assay medium was considered a “heavy” inoculum. When 
reference is made to a “‘light”’ inoculum, 3 to 7 drops of the above “heavy” 
suspension were added to 10 ml. of saline. 1 drop of this material, which 
was just faintly turbid, was used per 2.5 ml. of assay medium. 

Basal Medium—The composition of the basal assay medium and the 
method of preparation of the stock solutions are given in Table I. This 
medium served as a basic one for study of the assay of several amino acids 
and differs from that of McMahan and Snell (1) primarily in the increased 
concentration of vitamins. Certain modifications in amino acid content 
which have been used in the assay of glutamic acid are also indicated. 

Standard Solution—Pure I(+)-glutamic acid was used for all the stand- 
ard curves. 

Preparation of Samples—Thick walled Pyrex test-tubes which contained 
100 mg. of sample and 2 ml. of 10 per cent hydrochloric acid were sealed 
in an oxygen flame and autoclaved at 15 pounds pressure for 4 to 36 hours. 
The tubes were cooled, opened, and the hydrolysates washed out with 
water. The solution was adjusted with sodium hydroxide to pH 6.1 to63 
and diluted to the desired volume, usually 50 or 100 ml. 

Procedure—For assay, 125 ml. of the amino acid solution, 1 ml. of the 
vitamin supplement, 2.5 ml. of Salts A, and 2.5 gm. of glucose constituted 
a double strength medium. This amount was sufficient for 100 assay 
tubes if determinations were made turbidimetrically (final volume 2.5 ml) 
or 50 tubes if analyses were made titrimetrically (final volume 5 ml.). Or 
dinarily the amount of sample to be analyzed or the standard solution 


used was small enough so that its volume (less than 0.2 ml. per 2.5 ml. of | 


medium) could be disregarded. The sample was pipetted into the bottom 
of the tube! and 2.5 ml. of basal medium were added. If it was necessary 
to use samples larger than 0.2 ml., the volume in each tube was adjusted 
with water to 1.2 ml. and 1.2 ml.2 of the double strength basal medium 


1 Serological Kahn pipettes graduated in 0.001 ml. were used for this purpose. The 
end of the pipette was drawn out toa fine capillary. Such pipettes could be operated 


easily and accurately with the finger. 
? Kolmer pipettes designed for use in the complement fixation test and graduated 


in 1.2 ml. were used. 
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Complete Basal Medium; Concentration per Ml. of Final Medium 








Amino acids 








me. 
i(+)-Arginine monohydrochloride. . . . 0.1 
\(-—)-Cystine. . 0.1 
Glycine. . . AP) ln, 
l(—)-Histidine monohydrochloride. . 0.1 
\(—)-Hydroxyproline 0.1 
l(—)-Leucine 9.1 
l(+)-Lysine monohydrochloride 0.1 
\(—)-Proline . . 0.1 
\(—)-Tryptophane*. .. 0.1 
l(—)-Tyrosine. .. 0.1 
\(+)-Aspartic acid 0.4 
l(+)-Glutamic acidt 1.0 
dl-Alanine . 0.2 
dl-Isoleucine 0.2 
dl-Methionine* 0.2 
dl-Norleucine* . 0.2 
dl-Norvaline* 0.2 
di-Phenylalanine* 0.2 
dl-Serine*.. 0.2 
dl-Threonine | 0.2 
dl-Valine... 0.2 

Vitamins 

. 
Biotin. ....... | 0.001 
Folic acid... .. . ea waeeies (0.01 
Calcium pantothenate.......... | 0.2 
Nieotinie acid.................... | 0.2 
ES eee ee 0.2 
p-Aminobenzoic acid... — | 0.3 
Thiamine hydrochloride... 0.5 
Choline chloride.................... | 2.5 
Inositol... .... a hue aati | 2.5 
Pyridoxine hydrochloridet..... . (10.0 


| 


} 


Adenine sulfate....... 
Guanine hydrochloride. 
Uracil 


Purines and pyrimidine 





Xanthine 


Salts A 


KH;PO,. . 
KeHPO,. . 


Salts B 


MgSO,-7H.O 


FeSO-7H,0... 
MnSO,-4H.O . 


NaCl 


(NH,)280,.... 


Sodium acetate (anhy- 
| ee 
Glucose....... 


me. 
| 0.01 
| 0.01 
0.01 
0.01 


0.2 


0.01 
0.01 


0.01 


3.0 





Stock solutions of the constituents were prepared as follows: Salts A contained 
% gm. each of KH.PO, and K,HPO, per 250 ml. of solution; Salts B contained 10 
gm. of MgSO,-7H,O, and 0.5 gm. each of FeSO,-7H:O, MnSO,-4H,0, and NaCl per 


280 ml. of solution. 


The vitamin supplement contained 12.5 y of biotin, 125 y of 


folie acid, 2.5 mg. each of calcium pantothenate, nicotinic acid, and riboflavin, 3.8 
mg. of p-aminobenzoic acid, 6.3 mg. of thiamine hydrochloride, 31.4 mg. each of 
choline chloride and inositol, and 125 mg. of pyridoxine hydrochloride dissolved by 
Warming gently in 50 ml. of distilled water. Amino acid mixture, 1 liter of amino 
teid solution contained 400 mg. each of the dl-amino acids, 800 mg. of l(+)-aspartic 


acid, and 200 mg. each of the other /-amino acids; 20 mg. each of adenine sulfate, 
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TaBLe I—Concluded 


guanine hydrochloride, xanthine, and uracil; 6 gm. of ammonium sulfate; and 12 
gm. of anhydrous sodium acetate. The materials were dissolved by boiling in about 
900 ml. of water. After the solution had cooled, 10 ml. of Salts B were added, the 
pH of the solution was adjusted to 6.3 with sodium hydroxide, and the final volume 
adjusted to 1 liter. Such solutions were stored in the refrigerator, usually without 
preservative, but a thin layer of toluene may be used if necessary. 

* Half the indicated amounts have been found satisfactory in assay of glutamic 


acid. 
t Omitted in medium for assay of glutamic acid. 
t One-tenth the amount indicated is sufficient for assay with Lactobacillus ara. 


binosus 17-5. 


were added. For titration, double amounts of sample and medium were 
used. The tubes were capped with metal caps or well fitted glass vials 
(3 em. long) and autoclaved at 15 pounds pressure for 15 minutes. After 
inoculation, the tubes were incubated at 34° for 72 hours. 

For turbidity readings the contents of the tubes were diluted with 5 
ml. of water delivered from an automatic pipette. A thermocouple 
turbidimeter (17) was used almost exclusively in this study, but the 
Klett-Summerson colorimeter also gave satisfactory results. 

Titration of the acid produced in the 5 ml. assay quantities was carried 
out with 0.05 n sodium hydroxide with a glass electrode or brom-thymol 
blue as an indicator. 

The assay range used was 0.01 to 0.2 mg. of /(+-)-glutamic acid per 2.5 
ml. of medium. Final analytical values are the average of duplicate anal- 
yses at three or four levels of concentration. 


Results 


Standard Curve—Typical standard assay curves for glutamic acid are 


plotted in Fig. 1 with four test organisms, Lactobacillus arabinosus, L. 
pentosus, L. casei, and Leuconostoc mesenteroides. As others have noted 
with L. arabinosus (15, 16), the shape of these curves differs from that re- 
ported for other amino acids. There is an initial plateau at which no 
growth above that of the blank occurs. Once growth is initiated, however, 
the curves break sharply and rise very rapidly, followed by a more gradual 
rise proportional to the amount of amino acid present. This latter portion 
of the curve was used for assay since it gave the most regular and reliable 
results. A fundamental similarity in assimilation of this amino acid by 
the four microorganisms is indicated by their growth curves which differ 
primarily in the concentration of glutamic acid at which growth is initiated. 

This inability to utilize glutamic acid at low levels of concentration 
suggested that it was’ not itself assimilated by these organisms, but was 
slowly converted by them into a substance which was assimilable. Early 
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in this investigation glutamine and glutamic acid were found to have equal 
12 activity for Lactobacillus arabinosus at relatively high concentrations, but 
ut at low levels at which no growth was observed with glutamic acid, glu- 
he tamine was active. This observation suggested that glutamine rather 
he 
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Fic. 1. Comparative response of Lactobacillus arabinosus, L. pentosus, L. casei, 
ed and Leuconostoc mesenteroides to l(+-)-glutamic acid. Turbidimetric measurements. 
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Fic. 2. The effect of the size of inoculum and the period of incubation on the 


tesponse of Lactobacillus arabinosus to l(+)-glutamic acid. Turbidimetric meas- 
urements. 


than glutamic acid might be the substance required for the growth of these 
microorganisms and that the initial plateau observed in the glutamic acid 
curve represented a region in which concentration of glutamic acid was too 

to permit significant conversion to glutamine by the test organism. 
Recently Lyman et al. (15) have advanced a similar view and have suggested 
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that small amounts of glutamine be added to the basal medium used for 
assay of glutamic acid. 

If conversion to glutamine or some other more readily assimilable sub. 
stance is necessary before rapid growth can take place, such conversion 
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Fic. 3. The effect of initial pH of the basal medium on the response of Lactobacillus 
arabinosus to 1(+)-glutamic acid. Turbidimetric measurements. 
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Fic. 4. Effect of varying the concentration of phosphates in the basal medium 
on the response of Lactobacillus arabinosus to 1(+)-glutamie acid. Turbidimetrie 
measurements. 


should be favored by increasing the size of the inoculum or the period of 
incubation. From Fig. 2 it is evident that growth of Lactobacillus arabi- 
nosus occurred at lower concentrations of glutamic acid when a large it 
oculum or a relatively long period of incubation was used. 

Since growth of these organisms is accompanied by acid production, 
the effect of variation in the pH of the basal medium upon growth respons 
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to glutamic acid was determined. As the initial pH of the medium was 
decreased, growth was initiated at lower and lower concentrations of - 

ec acid until at pH 5.0 the initial plateau of the growth curve was 
almost completely eliminated (Fig. 3). In such a medium at high con- 
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Fic. 5. Comparative response of Lactobacillus arabinosus to glutamine and 1(+)- 
gutamic acid in the presence and absence of ammonium sulfate. A “heavy” in- 
oculum was used and the period of incubation was 24 hours. 
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Fic. 6. Comparative response of Lactobacillus arabinosus to glutamine and I(+)- 
glutamic acid in the presence and absence of ammonium sulfate. A “ight” in- 
seulum was used and the period of incubation was 72 hours. 


centrations of glutamic acid, however, maximum growth was not as great 
that obtained in mediums of pH 6.0 to 8.0. It might be expected that 
maximum levels of growth would be lower in a medium of relatively high 
initial acidity, since growth of these organisms is inhibited by relatively 
high concentrations of acid. Acid produced as a metabolic product of 
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growth would reach toxic levels earlier in a medium more acid initially, Th 
pH selected for use in assay, therefore, was 6.3. 

It was possible to initiate growth at lower concentrations of glutamic 
acid in a medium of pH 6.8 if the amount of phosphate in the basal medium 
was decreased (Fig. 4). This effect was probably due to the fact thet 
smaller amounts of acid were required to shift the pH of the less highly 
buffered medium to levels permitting more ready conversion of glutamie 
acid to the assimilated product. 

These experiments all tend to indicate that the mechanism for the cop. 
version of glutamic acid to glutamine operates optimally in acidic solutions, 
Some type of ammonia transfer must also be involved. In order to 
determine whether the ammonium ion served this function, growth curves 
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Fic. 7. Comparative response of Lactobacillus arabinosus to glutamine and I(+ 
glutamic acid in the presence and absence of ammonium sulfate. A “heavy” it 
oculum was used and the period of incubation was 72 hours. 


produced by glutamic acid and glutamine were compared with and without 
ammonium salts added to the basal medium. Both light and heavy inocula 
were used and readings were nrade at 24, 48, and 72 hour intervals. The 
omission of ammonium salts from the basal assay medium had no effet 
upon the utilization of glutamine, but their absence delayed growth and 
prevented utilization of glutamic acid at low concentrations. This wis 
particularly noticeable when the period of incubation was short (Fig. 5), 
or when the inoculum was small (Fig. 6). Even with a heavy inoculum, 
no growth was evident at 24 hours (Fig. 5). Growth occurred at high 
concentrations of glutamic acid at 48 hours and at lower concentrations # 
72 hours, but the initial plateau at which no growth occurred was mot 
pronounced than when ammonia was present (Fig. 7). The addition @ 
ammonium sulfate to the glutamic acid medium resulted in growth curvé 
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at 24 hours similar to those for glutamine except that the initial plateau 
was evident and growth was slower throughout the entire curve. At 
72 hours, the glutamine and glutamic acid curves coincided except at the 
very lowest concentration of glutamic acid. These results indicate that 


TaBLe II 
Comparative Growth-Promoting Activities of Glutamic Acid and Related Substances 








Test organism, Lactobacillus arabinosus; galvanometer readings. 


Sa | : 




















: ‘ Glutamic acid Be _| ; | Pyrrolidone- a-Hydroxy- 
— ronine — — . mor ne ml mu cores lic Cterte 
-——-|- —- | ———- 
me. | 
0.0 5.0 3.0 4.0 4.0 7.0 | 9.0 4.0 | 4.0 
0.01 | 12.0 1.0 4.0 4.0 | | 
0.02 | 20.0 18.5 4.0 4.0 | 9.0 | | 
0.04 31.5 30.3 21.5 4.0 | 24.5 
0.07 | 38.8 38.4 35.0 4.0 34.2 
00 | 41.5 41.5 | 43.0] 4.0 7.0 | 43.2 4.0 | 4.0 
0.13 | 52.0 52.5 12.0 
0.16 57.0 57.0 | 35.5 
0.2 | 64.0 | 63.5 4.0 | 58.0 | 59.0 | 4.0 | 4.0 
0.9 | 72.2 | 73.0 9.0 | 72.0 | 66.5 | | 
00 | 74.0 | 76.5 23.5 | 73.3 | | | 
0.50 76.5 | 75.5 | 40.5 4.0 | 4.0 
0.60 76.0 76.5 47.0 77.0 | 76.5 
0.70 77.0 54.8 | 
0.90 | 76.0 77.0 60.2 | 
0.90 77.0 64.5 
1.00 77.0 77.0 77.0 67.0 77.0 7.0 1 640 1 
2.00 77.0 | | | | 
0.05 mg. /(+)-glutamic acid Ee Re i Bie getge ag ip oy 35.4 
0.0 “ og ‘© +. 0.02 mg. a-ketoglutaric acid RR 38.2 
0.05 * a “+0.04 ‘ - Pl PPG. . ive SS 
0.05 * = “O42 * a We Jeviek «hiss | ... 4.5 
0.05 * ‘4 “* + 0.02 pyrrolidonecarboxylic acid ........ 35.0 
0.05 “ ae “+i = 7m lt ee, ee 35.8 
0.0% “ ae “ + 0.02 ‘* a-hydroxyglutarie acid .. 35.7 
ee sa: eo’, ees coe kee 34.8 


0.05 “ec sc “cc + 0. 








conversion of glutamic acid to glutamine does occur and that ammonium 
aalts are utilized in the conversion. 

Identical values were obtained with four different preparations of glu- 
lamine which -were sterilized by filtration through a Berkefeld filter and 
added aseptically to the sterile basal medium just before inoculation. 

ine is rapidly decomposed, primarily to ammonium pyrrolidone-a- 
carboxylate or pyrrolidonecarboxylic acid (18), by heating it in an aqueous 


ie ie SS ie Ds ion ger eames “1 Pe a 








<atieietinedeneeniee Eee 








282 DETERMINATION OF AMINO ACIDS. II 


solution. A similar conversion of glutamic acid takes place in slightly 
acid solutions, but the reaction is slower (19). Curves obtained with 
glutamic acid sterilized in the autoclave or by filtration were identical, 

Use has been made of these facts in the estimation of the glutamine 
content of various naturally occurring substances. Samples to be tested 
were analyzed directly and after hydrolysis. For direct analysis, aliquots 
of the samples to be tested were sterilized by filtration through a Berkefeld 
filter, and by autoclaving. The values so obtained compared with thos 
determined after hydrolysis gave at least a rough indication of the pro- 
portions of the materials present as glutamine, glutamic acid, and pyrrol- 
donecarboxylic acid. Refinement of these techniques should result ing 




















60 — 
sa at A 
sob Ot (2x) L. ARABINOSUS — Lt) ; ot 
9 — ~ 
= Pat a 
240 + ZA i“ 
= ey 
s Z DL(2x) L.CASEI “4 
a 
S20} 
10 A 
7 
- L ‘ 1 
0 01 02 03 04 05 06 07 09 01 
MG. GLUTAMIC ACID PER TUBE (2.5 ML.) 


Fig. 8. Comparative response of Lactobacillus arabinosus and Lactobacillus casi 


to l(+)- and dl-glutamic acids. The concentration of the dl isomer is twice that d 


the naturally occurring antipode. 


fairly accurate method for determining the proportions of these substances 
present in natural products. 

Hydrolyzed samples of glutathione gave theoretical values for glutamie 
acid. Unhydrolyzed samples of this peptide showed some activity which 
increased with increasing concentration, but was less than that to be e& 
pected from its glutamic acid content. 

Several compounds which have a chemical structure similar to glutamine 
and glutamic acid were tested for their ability to promote growth. h 
Table II are listed the turbidimetric values for these substances compared 
with those obtained with glutamine and /(+ )-glutamic acid. . 

d(—)-Glutamic acid® initiated growth at much higher concentrations d 
glutamic acid than J(+)-glutamic acid. The activity of the unnatunl 


* Furnished by Dr. A. C. Kibrick. 
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antipode was evidenced somewhat earlier, however, if a dl mixture wa; 
used. Several samples of di-glutamic acid were tested and repeated assays 
were made. All of the samples showed approximately 50 per cent activity 
at low concentrations, but greater activity at higher concentrations, Thi 




















Tasie IV 
Comparison of Values Obtained with Light and Heavy Inoculum* 
SE 
Per cent glutamic acid 
Hydrolysate | Casein Lactoglobulin Egg albumin Gliadin 
| Light | Heavy | Light | Heavy | Light | Heavy | Light | Bam 
| inoculum | inoculum | inoculum | inoculum | inoculum | inoculum | inoculum | inoculum 
meg. | A 
0.015 21.00 21.33 18.12 18.75 14.16 15.00 45.00 | 44.60 
0.020 21.25 22.11 17.50 19.62 13.96 14.40 46.25 | 41.66 
0.026 20.19 21.75 17.00 18.12 13.55 13.60 46.50 © 43.75 
--- --—-— Tr —_—— | - - — — es 
Average .. 20.8 21.8 17.5 18.8 13.9 14.3 45.9 43.3 





* Incubation period 72 hours. Each value is an average of duplicate determing. 











tions. 
TABLE V 
Recovery of Glutamic Acid Added to Protein Hydrolysates 
1(+)-Glutamic acid 
Protein —— — 
yy Added Total ——_ 
még. ms. me. 
Casein...... : 0.0206 0.02 0.0400 98.6 
0.0206 0.03 0.0510 100.7 
0.0325 0.02 0.0520 99.0 
0.0325 0.04 0.0725 100.0 
0 .0440 0.03 0.0740 100.0 
Lactoglobulin ....... 0.0272 0.02 0.0470 99.5 
0 .0368 0.03 0 .0671 100.3 
Egg albumin ; 0.0288 0.03 0.0580 98.6 
0 .0429 0.02 0 .0622 98.8 


————— 


increasing activity with increasing concentrations of dl-glutamic acid fa 
Lactobacillus arabinosus and Lactobacillus casei is shown in Fig. 8. 

a-Ketoglutaric acid was utilized at lower concentrations than d(-} 
glutamic acid, but at higher concentrations than /(+)-glutamic acid 
Here, as in the case of the unnatural antipode, the addition of even 
amounts of a-ketoglutaric acid (0.02 mg.) to limiting quantities of I(+} 
glutamic acid resulted in increased growth (Table IT). 
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- Pyrrolidonecarboxylic acid and a-hydroxyglutaric acid were completely 


Reliability of Assay. Agreement with Other Methods of Analysis—The 
gsay results obtained with several pure proteins are listed in Table III. 
Consistent values were obtained on repeated assay. Average values ob- 
tained after 4, 6, 10, 16, 20, 24, and 36 hours hydrolysis are compared with 


eta 
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avy Z7e 48 HR. INCUBATION 
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Py F 72 HR. INCUBATION 

6 2 4 LIGHT INOCULUM 
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3 g 

yam. 2? 

2 ’ 

: 0 1 l t 1 L 1 1 L 

we 02 04 06 08 01 0.12 0.14 016 © 8©= 0.18 02 

nina- MG. L(+) GLUTAMIC ACID PER TUBE (5. ML.) 


Fic. 9. The effect of size of inoculum and the period of incubation on the response 
of Lactobacillus arabinosus to I(+)-glutamic acid. Titrimetric measurements. 


Taste VI 
Comparison of Turbidimetric and Titrimetric Values* 





ent | 


~* Per cent glutamic acid 

















Protein 
Turbidity Titration 
ee - 92.6 20.8 
: 21.1 21.4 
: 20.7 20.6 
SOONER ns nee eneeeinn enn 18.7 18.1 
s I i. ks. canbes oe meceeenaeel 14.4 14.0 
3 ED ss cs san apens dep sensienenduae 44.9 | 44.0 
: *Incubation period, 72 hours. Each figure is the average of duplicate deter- 


ninations made at three or four levels of concentration. 


d fot} those obtained with pure 1(+)-glutamic acid similarly treated. The 
highest values for lactoglobulin, gliadin, and horse hemoglobin were ob- 
(-} tained after 36 hours hydrolysis, even though pure 1(+)-glutamic acid 
acid} hadundergone slight racemization at a similar period. The values obtained 
smi} ae in good agreement with those obtained by similar microbiological 
(+}| techniques, and with the most reliable chemical analyses. 

Agreement of Values Calculated at Various Assay Levels—In Table IV 
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the values obtained at various assay levels are compared when light and 
heavy inocula were used. There is good agreement at different levels of 
concentration. Since a fairly heavy inoculum after 72 hours incubation 
gives slightly higher assay values as well as an increased range for assay, it 
is preferable to a very light inoculum. 

Recovery Experiments—Recovery values for /(+)-glutamic acid added 
to hydrolysates of casein, lactoglobulin, and egg albumin are given jp 
Table V. Although the recovery values obtained with these pure proteins 
were excellent, certain difficulties were encountered with some industrial 
materials in which both stimulatory and inhibitory substances were noted, 

Turbidity Versus Titration Values—In Fig. 9 are plotted the titrimetric 
curves which correspond to the turbidimetric curves given in Fig. 2. 
Values obtained from some of the proteins tested by the two methods ar 
compared in Table VI. The values obtained by turbidimetric measur- 
ments are usually slightly higher than those obtained by titration. Since 
the turbidimetric method was easier and less time-consuming than titra- 
tion, it was preferred provided the samples were not too highly colored and 
did not develop turbidity during incubation. 

DISCUSSION 

All of the data concerned with utilization of glutamic acid are readily 
explained by the assumption that glutamine, rather than glutamic acid, 
is the substance actually utilized by the test organism. Glutamine was 
the most active substance tested, and growth was proportional to the 
concentration. Conditions which increased the availability of glutamic 
acid caused the dose-response curve to become more similar to that ob 
tained with glutamine. Such conditions included the use of heavy inocula, 
extension of the period of incubation, and a decrease in the pH of the 
medium. Especially suggestive was the fact that omission of ammonium 
salts greatly reduced the availability of glutamic acid, but failed to affect 
response to glutamine in any manner. 

According to Pollack and Lindner (22), glutamine and glutamic aeid 
had equal growth-promoting activity for Lactobacillus arabinosus, L. 
pentosus, L. casei, and Streptococcus lactis. Results presented above and 
those of Lyman (15), Lewis and Olcott (16), and Niven (23) fail to confirm 
these data at low concentrations of glutamic acid. Pollack and Lindner 
did not consider it likely that glutamic acid was converted to glutamine 
because the original medium contained no source of ammonia other than 
amino acids and organic nitrogen compounds. This view is hardly cot 
sistent with the known versatility of microorganisms. Although ammonilim 
chloride added to their medium did increase growth obtained with glutamit 
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seid, they considered the effect to be too small to be accounted for by con- 
yersion of glutamic acid to glutamine. 

Mcllwain ef al. (24) reported that glutamine could be replaced by high 
concentrations of di-glutamic acid for the growth of Streptococcus hemo- 
lyticus and considered that the organism might be able to synthesize glu- 
tamine when sufficiently high concentrations of glutamic acid were present. 
It was suggested that the essential growth activity dependent upon glu- 
tamine was ammonia transfer. Later, however, in studies demonstrating 
the extreme specificity of glutamine for certain microorganisms, McIlwain 
retracted these suggestions (25). 

Lyman et al. (15) considered it advisable to eliminate the initial plateau 
obtained with glutamic acid by the addition to the basal medium of sub- 
optimum quantities of glutamine. In the course of this investigation it 
was found that small amounts of a tryptic digest of casein also eliminated 
this initial plateau. Such digests are superior to glutamine for this purpose 
because they are stable to heat and can be autoclaved with the medium 
without loss in activity. They have been previously reported (26, 27) 
to contain substances, probably peptides, which replace glutamine and 
asparagine for lactic acid bacteria. Addition of such substances to the 
assay medium produced little or no difference in assay values, and they 
were therefore not used routinely. 

When used alone in high enough concentration, d(—)-glutamic acid, 
wketoglutaric acid, and glutathione permitted attainment of the same 
maximum growth level achieved with glutamine or /(+)-glutamic acid, 
although they were less active than either of these compounds at low levels 
of concentration. When tested in the presence of suboptimum quantities 
of (+)-glutamic acid, d(— )-glutamie acid and a-ketoglutaric acid showed 
ietivity at lower concentrations than when tested alone. This indicates 
that conversion to glutamine is also necessary for utilization of these com- 
pounds, and such conversion occurs at lower concentrations when the 
test organism is actively growing. This view is at variance with that ex- 
pressed by Dunn et al. (14), who postulated some essential réle for d(—)- 
gutamic acid on the basis of similar data for dl-glutamic acid. 


SUMMARY 


A turbidimetric or titrimetric method for the quantitative determination 
ai (+)-glutamic acid in protein hydrolysates is described. Lactobacillus 
abinosus is the test organism. The following values, corrected for 
moisture, were obtained with the proteins studied after 24 hours hydrolysis: 
labeo casein 21.7, lactoglobulin 18.8 and 19.0 (different preparations), 
eg albumin 15.0, gliadin 45.5, gelatin (Knox) 11.2, silk fibroin 2.2, edestin 
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21.3, horse hemoglobin 10.8, and horse carboxyhemoglobin 8.9 per cent, 
Recovery experiments, agreement of values calculated at various assay 
levels, and upon repeated assay, specificity studies, and agreement with 
other methods of analysis all indicate reliability of the proposed method. 
Occasional low values as compared with chemical analyses require further 
study for explanation. In some instances, both stimulatory and inhibitory 
substances have been encountered in crude natural materials, and further 
study of their assay is indicated. 

Glutamine is more active than /(+)-glutamic acid; activity of the 
latter is increased toward that of glutamine as a limit by increasing the 
size of the inoculum, lengthening the incubation period, lowering the 
initial pH of the medium, and adding ammonium salts to the medium. 
These data indicate that glutamic acid is converted to glutamine before 
utilization. This is probably also true for d(—)-glutamic acid, a-keto- 
glutaric acid, and glutathione, which are less active than 1(+)-glutamie 
acid, but which permit maximum growth at high concentrations. Pyr- 
rolidonecarboxylic acid and hydroxyglutaric acid are inactive. 

For some samples, the method appears adaptable to the determination 
of glutamine as well as glutamic acid. 
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THE MICROBIOLOGICAL DETERMINATION OF AMINO ACIDS* 
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Chemical methods for the determination of aspartic acid are similar to 
those used for glutamic acid. The most accurate values recorded for pure 
proteins are those of Rittenberg and Foster (2), Chibnall and coworkers 
(3, 4), Cannan (5), and Kibrick (6). Comparable values have been ob- 
tained by the microbiological method of assay here described. 


EXPERIMENTAL 


Leuconostoc mesenteroides P-60 was the microorganism used for assay.’ 
Stock cultures were maintained and the inoculum prepared as previously 
described. The complete basal medium given in the preceding paper (1) 
wasused. Aspartic acid was omitted, the phosphate content of the medium 
was increased 4-fold, and the final pH of the medium was adjusted to 6.8. 
Pure /(+-)-aspartic acid was used for the standard curve and the assay 
range was 0.001 to 0.04 mg. per 2.5 ml. of medium. The protein hydroly- 
sates were the same as those used in the assay of glutamic acid. Each 
sample was analyzed in duplicate at three or four levels of concentration. 
Values calculated for the different levels were averaged to give the final 
assay results. Turbidity measurements were used exclusively. The 
results are given in Fig. 1 and Tables I and II. 


DISCUSSION 


Standard Curve—A typical standard growth curve for l(+)-aspartic acid 
isplotted in Fig. 1. Growth is proportional to the amount of amino acid 
present in the medium and the curve is similar to those reported forall other 
amino acids thus far assayed (10-17) with the exception of glutamic acid 
(l, 18,19). The unusual shape of the growth curve for glutamic acid ap- 
pears to be due to the fact that glutamic acid is not utilized directly but is 
instead converted to its amide, glutamine, before assimilation (1). 

Asparagine can substitute for aspartic acid in a fashion entirely analogous 


*For Paper II of this series, see Hac, Snell, and Williams (1). 
'The amino acid requirements of this organism have recently been described by 


Dunn et al. (7). 
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Fic. 1. Comparative response of Leuconostoc mesenteroides to aspartic acid and 
asparagine. 
Tasie I 
l(+-)-Aspartic Acid Content of Various Pure Proteins* 








——— —EE 
| 
Horse _ | Horse car- | 
| Labco | Lact E eee Silk 
: wabco | cto- | Pt 4 ST as globin in relati 

Assay No. casein | globulint | albuminf | Gliadin} | (recrystal- onernied (Enos) b ¥ 
| lized 3 lized 2 reat 

| times)t | times)§ | 
© chien: a Ss RE — | — — “ ie 
I 6.92 (11.23 | 9.0 2.97 9.82 |10.20 91 2.10 


III 6.81 11.20 | 7.35|| (3.00 9.62 
IV 7.03 12.00 8.80 3.00 9.50 
V 7.40 10.33 11.10) 
VI 7.30 11.65 9.20 
VII 7.10 10.50 8.30 
VIII 6.91 12.20 


5 

II «66.83 =|11.00 | 8.80 (3.10 | 9.55 |10.34 5.44 3.2% 
5 
5 


| 

Average.....7.0 [11.3 89 30 |96 103 [5.6 [7 
Corrected | | | 

value] ....|7.2 11.5 | 9.3 3.3 10.3 10.8 6.8 (2.8 
Values see | | 
ported in 


literature.|6.68(3) |11.1** | 8.13(4) |1.40(3) | 8.9(8) |10.5§ — 3.4@) | 


9.88(4) | | §.75(8) | 











* Each value is the average of duplicate determinations at three or four levels of 
concentration. 

+ Protein furnished by the late Dr. Max Bergmann. 

t Protein furnished by Dr. H. 8. Olcott. 

§ Protein furnished by Dr. G. L. Foster. Analysis by isotope dilution, 10.5 pet 
cent aspartic acid. 

|| Value omitted from the average. 

{ Corrected for moisture content. We are indebted to Beverly M. Guirard for 


the moisture determinations. 
** Analysis by isotope dilution. Personal communication from Dr. G. L. Foster. 
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to glutamic acid for glutamine, and its growth curve (Fig. 1) is similar to 
that of glutamic acid. It was shown previously that the addition of ammo- 
nium sulfate to the basal medium for glutamic acid assay furthered ammo- 
nia transfer and the conversion to glutamine. In the case of aspartic acid, 
the ammonium ion inhibited growth slightly. Additional phosphate 
eliminated this inhibitory effect with aspartic acid, but delayed growth in 
the medium for glutamic acid. 

The utilization of glutamic and aspartic acids is in direct contrast to each 
vther. Whereas glutamic acid is less readily available for growth than 
glutamine, asparagine is less readily available than aspartic acid.?_ This is 
interpreted to mean that glutamic acid is converted to glutamine before 
assimilation, whereas asparagine must be converted to free aspartic acid 


TaB_e II 
Recovery of l(4+-)-Aspartic Acid Added to Protein Hydrolysates 





1(+-)-Aspartic acid 








Protein 








Found pet | Added =| Total found | Percent 
mg. meg. | me. | 

Casein. civ sehee nad 0.0067 | 0.002 | 0.0085 © 99.7 
0.0067 | 0.00 | 0.0108 | 100.9 

0.0099 | 0.002 | 0.0120 100.8 

0.0099 | 0.006 0.0163 102.5 

0.0125 0.002 0.0147 | 101.4 

0.0125 | 0.006 0.0190 | 102.7 

Lactoglobulin. ... Pbk OaeX 0.0106 | 0.002 | 0.0130 | 103.1 
0.0106 0.006 | 0.0166 | 100.0 

0.0220 | 0.002 | 0.0248 | 103.3 

0.0220 | 0.006 | 0.0262 | 90.4 

Horse carboxyhemoglobin......| 0.0144 | 0.008 | 0.0222 | 99.1 
| 0.0288 | 102.8 


0.0180 | 0.010 





Asparagine must play a dual réle in bacterial metabolism since it is neces- 
sary for rapid growth of some microorganisms in media which contain 
aspartic acid (20, 21). 

Reliability of Assay—The results of assay of several pure proteins are 
listed in Table I. Consistent values were obtained at various levels of con- 
centration and on repeated assay. The values are somewhat higher than 
those of Chibnall et al., obtained by an isolation procedure (3, 4), but he has 
indicated that certain of his values may still be low. Analyses by isotope 


*The relative inactivity of /-asparagine for this organism as compared with 
\(+)-aspartic acid has been independently noted by E. Brand, L. J. Saidel, and 
W.H. Goldwater (private communication from Dr. Brand). 
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dilution have also given higher results* and the assay of two proteins for 
which these data were available is in excellent agreement with that method, 

Recovery of aspartic acid added to protein hydrolysates (Table IT) was 
with but one exception within 4 per cent of theoretical. 


SUMMARY 


Leuconostoc mesenteroides P-60 has been used successfully for the quanti- 
tative determination of /(+)-aspartic acid in protein hydrolysates. The 
following values were obtained with the pure proteins studied: Labco casein 
7.2 per cent, lactoglobulin 11.5 per cent, egg albumin 9.3 per cent, gliadin 
3.3 per cent, horse hemoglobin 10.3 per cent, horse carboxyhemoglobin 
10.8 per cent, gelatin 6.8 per cent, and silk fibroin 2.8 per cent. Asparagine 
in high concentrations can substitute for aspartic acid. Aspartic acid 
appears to be utilized directly as contrasted with its homologue, glutamic 
acid, which is probably converted into the amide before assimilation (1), 
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Breusch (1) reported the discovery of an enzyme, citrogenase, which 
catalyzes the formation of citric acid from oxalacetic acid and 6-keto fatty 
acids, including acetoacetic acid. According to the proposed mechanism of 
reaction the 8-keto acid and oxalacetic acid would condense to form an 
intermediate compound which would undergo hydrolysis to yield citric 
acid and a fatty acid shortened by the loss of 2 carbon atoms. The 2-carbon 
group removed from the fatty acid would appear in the, citric acid and be 
metabolized to carbon dioxide and water by way of the “‘citrie acid” or 
tricarboxylic acid cycle. Oxalacetic acid would be regenerated and the 
process could be repeated as often as 8 oxidation of the fatty acid occurred. 

Independently Wieland and Rosenthal (2) published findings similar to 
those of Breusch with respect to acetoacetic acid, and Martius (3) has 
added partial confirmation of these reports. However, Weil-Malherbe (4) 
and Krebs and Eggleston (5) have reported that they found no evidence for 
the existence of a citrogenase for metabolizing acetoacetic acid. In the 
present paper the observations concerning citric acid formation from 
acetoacetic and oxalacetic acids by kidney tissue have been confirmed and 
the nature of this enzymatic reaction has been studied. Since the comple- 
tion of this work Buchanan ef al. (6) have reported that heavy carbon in 
acetoacetic acid added to homogenized kidney cortex appears in a-keto 
glutaric and fumaric acids, members of the tricarboxylic acid cycle. 


Methods 


Preparations—The following methods were used: oxalacetic acid, Kram- 
pitz and Werkman (7); acetoacetic acid, Ljunggren (8); acetyl phosphate, 
Lipmann and Tuttle (9); sodium pyruvate, Robertson (10). 

Ketone Body Estimation—Acetoacetic acid was determined by the aniline 
method (Edson (11)) or by the method of Weichselbaum and Somogyi (12). 
iha number of experiments both methods were used. For the determina- 
tion of acetoacetic acid by the aniline method in the presence of oxalacetic 
acid, use was made of the effect of cupric ions on the decomposition of the 
latter acid (Krebs (13)). The contents of the Warburg flasks (2 to 3 ml.) 
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were acidified with 0.3 ml. of glacial acetic acid and 0.3 ml. of 20 per cent 
copper sulfate was added. The oxalacetic acid was completely decarboxy- 
lated in 20 to 30 minutes at 25°, while the acetoacetic acid remained un- 
affected. Then 0.4 ml. of 40 per cent aniline in glacial acetic acid was 
tipped in from a side bulb in order to decarboxylate the acetoacetic acid, 

8-Hydroxybutyric acid was determined according to the method of 
Weichselbaum and Somogyi (12). 

Citric Acid Estimation—A modification of the pentabromoacetone method 
of Pucher, Sherman, and Vickery (14) was used. The preparation of the 
samples and the oxidation with permanganate were carried out as described 
by these authors. Then the mixture was decolorized with a slight excess 
of freshly prepared saturated sodium nitrite solution (about 1 ml.). 25 ml, 
of petroleum ether (Mallinckrodt, b.p. 35-60°) were added and the separa- 
tory funnel shaken vigorously for 1 minute. After complete separation of 
the petroleum ether the aqueous layer was discarded. The petroleum 
ether was washed ¢wice with 10 ml. of water. Shaking for 10 seconds was 
sufficient. After the second wash water had been drained off, 5 ml. of 2.5 
per cent sodium sulfide in 40 per cent ethylene glycol were added to the 
petroleum ether and the funnel was shaken about 15 seconds. All wash 
water was shaken out of the stem of the funnel. The yellow-colored layer 
was drained into a colorimeter tube graduated at 10 ml. The extraction 
was repeated twice with 2 ml. portions of the sulfide reagent. The extracts 
were combined in the colorimeter tube, made up to 10 ml. with the sulfide 
reagent, mixed, centrifuged for a short period, and read in a Klett-Summer- 
son photoelectric colorimeter with Filter 42. At least one standard citric 
acid was run simultaneously with each group of determinations. 

The described procedure has a number of advantages, with essentially 
the same accuracy as the original method. A great deal of time is saved. 
The use of sodium nitrite instead of ferrous sulfate for destroying excess 
permanganate and bromine does not interfere with the method and 
eliminates much of the tedious washing of the petroleum ether layer to get 
rid of the iron. 

One petroleum ether extraction of the pentabromoacetone seems suffi- 
cient; determinations carried out with a second petroleum ether extract 
alone gave values equivalent to water blanks. Goldberg and Bernheim 
(15) have recently reported this same observation. With only one extrac- 
tion fewer separatory funnels and manipulations are required. 

Ethylene glycol proved to be a better color stabilizer than pyridine. It 
has the additional advantage that it is immiscible with petroleum ether and 
therefore can be added during the extraction. The use of ethylene glycol 
in this manner facilitates making the time between the development of the 
color and the measurement with the colorimeter equal for all samples. A 
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linear relationship between color and citric acid was found between 0.2 and 
1.0 mg. of citric acid, but not with smaller or larger amounts. 

Enzyme Preparations—All experiments reported in this paper were car- 
ried out with enzyme preparations from kidney cortex, but the presence of 
the enzyme in heart muscle has also been confirmed. Breusch (1) states 
that he extracted citrogenase from tissue with 0.5 per cent sodium bicar- 
bonate, while other workers have used slices, homogenates, or minced tissue. 
Preliminary experiments were carried out either with homogenates or with 
the cloudy extracts obtained from homogenates by centrifugation at 2500 
np.M. for 10to15 minutes. In both cases 2 volumes of 0.5 per cent sodium 
bicarbonate were used with | volume of tissue. These preparations showed 
some activity. Experiments with the multispeed attachment for Inter- 
national centrifuges revealed that the enzyme was not truly extracted by 
sodium bicarbonate, but was associated with particles which were separated 
by high speed centrifugation (see Table I). The procedure finally adopted 
for preparing the enzyme system is described in the next paragraph. 

The kidneys were removed from dogs anesthetized with ether, iced, 
and the cortex homogenized at 0° with 1 volume of distilled water in a stain- 
less steel homogenizer of the type described by Potter and Elvehjem (16). 
The homogenate was strained through muslin and 0.05 volume of 10 per 
cent potassium chloride solution added with mixing. This preparation was 
centrifuged in the cold room for 15 minutes in the multispeed attachment 
of an International centrifuge at about 12,000 r.p.m. The supernatant 
fluid was discarded and the precipitate suspended in distilled water sufficient 
to restore the original volume. 10 per cent potassium chloride solution 
(one-tenth of the volume of the water) was added and the mixture thor- 
oughly stirred. The tubes were again centrifuged at high speed. This 
washing of the tissue particles was repeated once more. Finally the pre- 
cipitate was thoroughly suspended in enough 0.8 per cent sodium ehloride to 
make about one-third of the original volume of homogenate. This yielded a 
thin yellowish paste which could be pipetted easily. All steps of the prepa- 
tation were carried out in the cold. In a few cases kidney tissue from cats 
and rabbits was used, but attempts to use pig kidney obtained from the 
slaughter-house were abandoned because the material was inactive in about 
half of the trials. Acetone powders were completely inactive. 

Experimental Procedure—Experiments were carried out in 25 ml. or 50 
ml. Erlenmeyer flasks when citric acid only was estimated. Borate or 
biearbonate buffer at pH 7.4 was used and all solutions were adjusted to 
this pH. Unless otherwise indicated 0.5 ml. of enzyme preparation was 
used and the final volume was made up to 1.1 ml. by various additions or 
by water. After the air above the liquid had been replaced with the 
appropriate gas, the flasks were stoppered and shaken horizontally during 
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the incubation period. Trichloroacetic acid filtrates were prepared for 
citric acid determination. 

The balance experiments were carried out in Warburg flasks with 1 ml, of 
enzyme preparation and a final volume of 2.2 to2.5 ml. Borate buffer was 
used when oxygen uptake was measured. For anaerobic experiments, 
bicarbonate buffer was used and the flasks were filled with nitrogen contain- 
ing 5 per cent carbon dioxide. The gas evolution under these conditions js 
referred to as acid formation. At the end of the incubation period the 
contents of the flask were diluted with a measured amount of distilled water 
and an aliquot removed for estimation of ketone bodies according to the 
method of Weichselbaum and Somogyi. Acetoacetic acid estimation by 
the aniline method was carried out directly on the material remaining in the 
flask, without the removal of proteins. Then 5 ml. of 10 per cent trichloro- 
acetic acid were added to the flask with thorough mixing. The filtrate was 
used for citric acid-determinations. Aniline does not interfere in the citric 
acid estimation provided sufficient bromine is added and the precipitate 
formed is removed. 


Results 


Stability of Enzyme System—Whole kidney tissue, kidney homogenate, 
and the preparation of washed tissue particles lose little activity during 
several hours at 0°. Homogenates and washed preparations aged 16 to 20 
hours at 0° still possessed about 40 per cent of the original activity. Dialy- 
sis of homogenates for 16 to 20 hours at 0° resulted in loss of most of the 
activity. In about half of these dialyzed preparations some activity could 
be restored by adding a boiled muscle or kidney extract or glutathione. 

Additions Necessary for Citrate Formation—Addition of oxalacetate to 
homogenates caused some citrate formation. When acetoacetate was also 
added, there was a considerable increase in citrate formation, but when the 
tissue particles were washed several times, as described in the procedure for 
preparing the enzyme, the addition of acetoacetate caused little increase in 
citrate formation over that with oxalacetate alone. Some 50 to 60 per 
cent of the original extra citrate formation caused by acetoacetate could be 
restored by adding to the tissue particles the supernatant fluid from the first 
centrifugation. Heating the first supernatant fluid to 80° for 5 minutes 
did not destroy its ability to restore the activity of the system (see Table I). 

These experiments indicated that some factor necessary for citrate forma- 
tion from acetoacetate was removed by washing of the tissue particles. 
This factor could be restored by addition of a boiled extract prepared from 
kidney or heart, or a water extract of dried yeast, but was not present in 
the ash. In the course of the search for the unknown factor the following 
substances were tested and found to be without effect: adenosine triphos 
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phate, adenylic acid, cozymase, cocarboxylase, cytochrome c, cysteine, 
riboflavin, glycine, alanine, and pantothenic, ascorbic, »-aminobennoie, 
succinic, fumaric, aspartic, and pyruvic acids. 

The only substances found which could replace the heated tissue extract 
in restoring the activity of the system were glutathione, glutamic acid, and 
a-ketoglutaric acid. The effect of glutathione was discovered first and for 
a time it was believed to be the necessary substance. However, later 
experiments revealed that glutamic acid and a-ketoglutaric acid were more 
effective than glutathione and were able to restore activity to some prepa- 
rations which were not affected by glutathione. This led to the conclusion 
that either glutamic acid or a-ketoglutaric acid was the essential substance. 


TaBie I 
Citric Acid Formation in Homogenates, Extracts, and Washed Particles Prepared from 
Kidney Tissue 

Dog kidney cortex homogenized at 0° in 1.5 volumes of 0.5 per cent sodium bi- 
carbonate; part centrifuged at 12,000 R.P.m. for 15 minutes in the cold room; precip- 
itate resuspended in the original volume of bicarbonate solution or in its supernatant 
fluid; 3 ml. of tissue preparation + 100 micromoles of oxalacetate + 40 micromoles of 
acetoacetate; barium poses 0.02 mM; final volume 4.2 ml.; nitrogen with 5 per cent 
carbon dicxide as gas, pH7 51 hour at 37°. The results are given in micromoles. 








Citrate formed 








Experi- | =. Tas 
x Tissue preparation | With oxal- With ¢ aceto- | With oxal- 
: acetate acetate acetate + 

| alone alone _jacetoacetate 
a | LL - —s mS “=o 
1 Homogenate 144.1 | 8.3 33 
| Supernatant fluid | 09 | 0.6 1.8 
Ppt. resuspended in bicarbonate 13.8 | 1.5 24 
2 | Homogenate | 2.6 23 
| Ppt. (washed 2 times) r 2a>% 2.8 
“ + first supernatant fluid 3.6 15.9 





** + heated first supernatant fluid | 2.4 13.8 








These two substances seemed equally effective in equimolecular concentra- 
tios. The effect of glutathione may be due to glutamic acid released by 
hydrolysis (17). Table II gives the results of some of the experiments with 
different additions. The data clearly indicate that both oxalacetate and 
a-ketoglutarate (or glutamate) must be present if the addition of acetoace- 
tate is to cause a large increase in citrate formation. Asa result of the work 
of Buchanan et al. (6) it seems safe to assume that this represents a real 

conversion of acetoacetate to citrate. 
Specificity of Oxalacetate As Substrate—Oxalacetate could not be replaced 
Pyruvate, fumarate, malate, or succinate in anaerobic experiments 
III). <Aerobically with added cytochrome c malate was slightly 








300 CITRIC ACID FORMATION 


active. Evidently it is converted to oxalacetate slowly by these prepara. 
tions. In intact tissue any substance which can be converted to oxalage- 
tate should be able to replace this substance. 


Tas_e Il 
Effect of Various Substances on Citrate Formation 
Experiments with washed tissue particles suspended in 0.025 M sodium biear- 
bonate; 0.02 m barium chloride present; 50 micromoles of oxalacetate, 8 to 15 miero- 
moles of acetoacetate, 10 micromoles of additions unless otherwise indicated; total 
volume 1.1 ml.; gas, 5 per cent carbon dioxide in oxygen; 60 to 90 minutes at,28°. 
The results are given in micromoles. 


Citrate formed 


Experi- . . - 
ment | Additions : — 
No With oxal- pene With aceto- 


ac ne ; 
acetate alone scchencethts acetate alone 


l None 5.3 9.2 
{-Glutamate 1.6 20.6 
a-Ketoglutarate +.0 19.2 
Glutathione +.4 11.7 

2 None 5.9 9.2 
Glutathione, 5 micromoles 4.4 14.4 
l-Glutamate 5.5 21.6 
Glycine 5.7 8.9 

| I-Cysteine 7.3 11.2 

3 | None 5.6 7.3 
Glutathione 4.4 15.1 
i-Cysteine 3.6 4.9 

} None 5.4 8.6 
l-Glutamate 3.9 13.4 1.4 

| a-Ketoglutarate 3.3 10.4 1.3 
Glutathione 3.7 6.9 
| L-Aspartate 6.4 7.3 
Succinate 3.9 5.2 
dl-Alanine 4.6 §. 
5 None +.1 7.6 
| 1-Glutamate, 2.5 micromoles 3.2 10.0 
10 2.4 12.1 1.5 
" 20 3.2 8.4 
| a-Ketoglutarate, 2.5 micromoles 2.8 9.2 
10 1. 2.3 11.2 3.1 
= 20 2.1 10.5 


Specificity of Acetoacetate As Substrate—As may be seen from Table IV, 
some increases in citrate formation were found with 8-hydroxybutyrate, 
crotonate, and butyrate, but the effect was smaller than with acetoacetate 
and these substances are known to be transformed into acetoacetate. Py- 
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ruvate gave some increase. Changes caused by acetate were probably not 
significant. Acetyl phosphate in different amounts was tested in several 
experiments, with and without glutamate, with negative results. Of the 
group of substances tested, acetoacetate is probably the only one which can 
serve as substrate. Whether the enzyme also acts on other 8-keto fatty 
acids, as reported by Breusch, has not been determined. 

Balance between Citrate Formation, Acid Formation, and Acetoacetate 
Disappearance—Tables V and VI show the results of experiments designed 
to determine the relation between acetoacetate disappearance and citrate 


formation. 
The addition of oxalacetate to the kidney preparation results in the for- 


Tasie III 
Specificity of Oxalacetate 
Experiments with washed tissue particles in 0.025 m sodium bicarbonate; 0.02 m 
barium chloride present; 10 micromoles of glutamate present in all samples; total 
volume 1.1 ml.; gas, 5 per cent carbon dioxide in nitrogen; 60 minutes at 28°. The 
values are given in micromoles. 
2 ? | 





Citrate formed 
Experiment Additions Pe With 
W oo ae acetoacetate 
(9 micromoles) 


| 


1 Oxalacetate 50 4.0 13.0 
Fumarate 30 0.6 63.1 

l-Malate 30 1.8 4.4 

Succinate 30 1.3 1.4 

Pyruvate 30 0.7 | 1.9 

2 None 0.8 } 1.4 
Oxaiacetate 50 3.9 13.4 
Fumarate 100 1.2 2.4 

Pyruvate 75 1.1 | 2.1 


mation of some citrate anaerobically as well as aerobically. When a-keto- 
glutarate or glutamate is added, the amount of citrate formed from oxal- 
acetate is decreased. Martius (3) found that a-ketobutyrate decreased 
titrate formation from oxalacetate and pyruvate in heart muscle. The 
mechanism is probably the same in the two cases. These a-keto acids 
probably produce a competitive inhibition of citrate formation from pyru- 
vate. In the present experiments pyruvate would result from decarboxyla- 
tion of part of the oxalacetate. Although glutamate and a-ketoglutarate 
decrease the citrate formation with oxalacetate alone, they greatly increase 
the extra citrate formed upon the addition of acetoacetate. The differ- 
eiees in the amount of citrate found cannot be explained on the basis of 
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changes in citrate oxidation, for very little citrate was oxidized by the prep. 
arations used (Table VII). 

Anaerobic Balances—The disappearance of acetoacetate (over and above 
that which is reduced to 8-hydroxybutyrate) is small with oxalacetate alone, 
or with glutamate or a-ketoglutarate alone, and attains its maximum only 
when both oxalacetate and a-ketoglutarate or glutamate are present. As 


Tasie IV 
Specificity of Acetoacetate 
Experiments with washed tissue particles in 0.025 m sodium bicarbonate; 0.02 4 
barium chloride present; 50 micromoles of oxalacetate, 5 micromoles of glutathione 
or 10 micromoles of glutamate, and 10 micromoles of additions; total volume 1.1 ml; 
gas, 5 per cent carbon dioxide in nitrogen; 60 to 90 minutes at 28°. The results are 
given in micromoles. 











[Experiment No. Additions Citrate formed 
Glutathione | | | None | 4.7 
Acetoacetate 18.3 
Acetate 7.3 
Acetone 4.7 
| Ethanol 4.6 
dl-8-Hydroxybutyrate 11.5 
| Pyruvate 6.2 
Crotonate 7.2 
| | Butyrate 7.5 
; Octanoate 5.3 
Glutamate 2 None 5.6 
Acetoacetate 14.7 
Acetaldehyde 5.3 
| Acetate 5.3 
3 None 6.7 
Acetoacetate 18.4 
Acetate 7.1 
Pyruvate 9.8 
4 None 4.0 
Acetoacetate 17.6 
Acetyl! phosphate 4.9 
Pyruvate 5.0 





nearly as could be determined, when acetoacetate was added to the other- 
wise complete system, 2 molecules of extra citrate! were formed for each 


! According to Krebs and Eggleston (18) the amount of isocitrate and cis-aconitate 
in enzymatic equilibrium with the citrate is about 10 per cent, or much lower, 4 per 
cent, in the presence of magnesium ions. The citrate values reported have not been 
corrected for isocitrate and cis-aconitate, but this error is small, for with the washed 
kidney preparation and 0.02. barium chloride only 8 per cent of added citrate disap- 
peared aerobically. This figure represents the amount oxidized plus the amount con- 
verted into isocitrate and cis-aconitate. 
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molecule of acetoacetate which disappeared. For example, in Experiment 
tof Table V, 13.5 micromoles of citrate were formed with oxalacetate plus 
a-ketoglutarate. When acetoacetate also was added, completing the 

, 30.2 micromoles of citrate were formed. Thus the extra citrate due 
to the addition of acetoacetate was 16.7 micromoles. The amount of 
citrate formed from oxalacetate alone is not used as a contro) value because 


TaBLe V 
Anaerobic Balance 
Warburg vessels containing 0.2 ml. of 0.4 m sodium bicarbonate + 0.1 ml. of 0.45 Mm 
barium chloride + 1.0 ml. of a suspension of washed tissue particles; 50 minutes at 
30°; pH 7.3; gas, 5 per cent carbon dioxide in nitrogen; total volume 2.4 ml. All 
yalues are given in micromoles. 








Additions Ketone body recovery Ketone 























ane | alien ———— ——| body Linet Pane Ds 
fr Pitecrrare | Meee | Skee | “ne limos | == |. | 
1 | 100 0.3 0.3 19.6 
| 100 20.5 | 15.0 3.1 2.4 23.5 | 
_| 100 20.5 20 | 5.4 5.7 9.4 30.2 | 
20.5 20 10.1 6.9 3.5 14 | 
20.5 14.8 5.0 0.7 0.9 
100 20 | 16] 08 13.5 | 
j | | | 
2 | 10 0.2 | 0.6 25.1 | 26 
100 M4 | 8.3 4.3 1.4 31.5 | 28 
100 14 | 20 10 | 2.7 10.3 36 33 
14 | @- PP eee 1.9 15 | 11.9 
4 | 99 | 4.0 0.1 | 20 | 3.7 
100 ii. ft Bet ee | 17.7 | 31 
3 | 100 | ea 12.6 12.3 
| 100 4 14.3 | 1.7 16.0 | 15.5 
| 100 16 2 | 6.9 | 9.1 22 23 
16 20 12.4 3.6 3.3 5.0 
| 16 16.0 0 3.0 1.5 
| 100 ta 0.3 6.3 18 
20 0.3 | 4.4 1.8 
1.0 2.7 0.6 








*-Hydroxybutyrate was not determined in Experiment 3. 


«ketoglutarate decreases this figure and this effect of a-ketoglutarate must 
till be present, at least in part, in the complete system. The ketone body 
disappearance in the complete system was 9.4 micromoles, as against 0.7 for 
the control with acetoacetate alone. Thus completion of the system in- 
creased the ketone body disappearance by 8.7 and the citrate formation 
by 16.7 micromoles. Small amounts of ketone bodies disappeared with 
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oxalacetate plus acetoacetate and with acetoacetate plus a-ketoglutarate. 
These changes were very probably due to the fact that small amounts of the 
substance necessary to complete the system were still present in the tissue 


TasBie VI 
Aerobic Balance 


4 . = ’ r ' 
Warburg vessels containing 0.2 ml. of 0.5 m borate buffer of pH 7.5 + 0.5 mg. of 
cytochrome c preparation + 0.1 ml. of 0.45 M barium chloride + 1 ml. of a suspension 
of washed tissue particles; gas, oxygen; total volume 2.4 ml. Experiments 1 and 3 














60 minutes at 30°, Experiment 2, 100 minutes at 25°. All values are given in miero. 
moles. 
Experi ; - ioe yor a body recovery my Citrate oui 
No. Oxalacetate | oa ——. ~~ a Pp Bxdrosy: — formed _ consumed 
l 100 0.5 | 0.7 | 25 5.2 
100 16.5 12.9 0.7 2.9 30.3 7.1 
100 16.5 20 5.4 0.9 10.2 41 | 15.8 
16.5 20 3.6 2.0 10.9 13.5 25.2 
16.5 13.7 0.7 2.1 3.5 4.3 
100 20 0.5 0.4 14.3 2.5 
2 100 0.4 : 23 11.1 
100 15 13.8 1.2 33 | 12.0 
100 15 20 5.7 9.3 39 | 22 
5 20 6.3 } | §.7 15.5 34 
15 14.3 Be *: 10.9 11.8 
100 20 0.6 14.6 12.7 
20 0.3 5.4 26 
0 5.1 9.0 
3T 100 1.5 22 6.3 
100 16 14.5 1.5 28 6.3 
100 16 20 2.8 13.2 46 23 
16 20 10.2 5.8 13 19.3 
16 15.0 1.0 5.1 4.3 
100 20 1.3 16 11.0 
20 0 6.0 18.1 
2 $.8 4.2 


» 
“= 





* g-Hydroxybutyrate was not determined in Experiments 2 and 3. 
+ With glutamate instead of a-ketoglutarate. 


particles or were formed during the experiment. The data are in agreement 
with the equation proposed by Wieland and Rosenthal (2). 


(1) 2 oxalacetate + 1 acetoacetate — 2 citrate 


Additional information concerning the reactions taking place is furnished 
by the acid formation, as measured by carbon dioxide evolution from the 
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bicarbonate buffer. The acid formation by the system with oxalacetate 
alone represents approximately 1 molecule of acid per molecule of citrate 
formed. (The decarboxylation of oxalacetate to pyruvate, which takes 
place rapidly in these experiments, occurs without any acid formation.) 
This relationship is what would be expected on the basis of either of the 
following equations proposed by Krebs ef a!. (19), in which one extra acid 
group is produced for each citrate formed. 


(2) 3 oxalacetate — 1 citrate + 1 malate + 2 bicarbonate 
@)  2oxalacetate + 1 pyruvate — 1 citrate + 1 malate + 1 bicarbonate 


When glutamate or a-ketoglutarate is added to the washed tissue plus 


oxalacetate, there is a large acid formation not accounted for by the citrate 


Taste VII 
Citric Acid Oxidation by Washed Kidney Tissue Particles 
1.0 ml. of suspension of washed tissue particles + 0.5 mg. of cytochrome c prepa- 
ration + 0.2 ml. of 0.5m borate buffer at pH 7.4 + 1.2 ml. of total additions; 0.02 u 
NaCl or BaCl., 0.01 « phosphate, 0.004 wm MgClo, 1 mg. of adenylic acid, and 18.5 
micromoles of citrate when indicated; gas, oxygen; 60 minutes at 30°. All values 
are given in micromoles. 














Oxygen | Citrate 
Additions to tissue | consump- after 
tion _| incubation 

NaCl... .. wa ad ecb pth deca ob 0.8 0.6 
+ citrate RR a Ra oe pa 1.4 17.3 
BaCl,. .. 1.0 0.8 
* + citrate ied sip: 2.4 | 17.8 
NaCl + phosphate, MgCl., adenylic acid.... Ha Tat 14 | 1.0 
“+ es * y 4, he geben sj iilc . ii Soe 18.5 
BaCl. + ee ; ee 2.3 0.7 
“ + A * 46 —— i eeerenrr 3.6 17.7 








formed. This is most probably the result of oxidation of a-ketoglutarate 
tosuecinate by the oxalacetate. 


(4) la-ketoglutarate + 1 oxalacetate — 1 malate + 1 succinate + 1 bicarbonate 


Glutamate, a-ketoglutarate, and acetoacetate, when added separately, 
cause very little acid formation. When acetoacetate is added along with 
«ketoglutarate, there is some acid formation, indicating that acetoacetate 
ta oxidize a-ketoglutarate to succinate. 

The acid formation, acetoacetate disappearance, and extra citrate forma- 
tion of the complete system are in general agreement with the following 
equation, in which the acid formation to citrate formation ratio is 1 and the 
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citrate formation to ketone body disappearance ratio is 2. Equation 5 
represents the sum of Equations 1 and 4. 


(5) 3 oxalacetate + 1 acetoacetate + 1 a-ketoglutarate — 2 citrate + 1 malate 
+ 1 succinate + 1 bicarbonate 


Aerobic Balances—Cytochrome c was added in the experiments presented 
in Table VI. Glutamate and a-ketoglutarate are the only substances which 
cause a marked increase in the oxygen uptake of the system. When oxal- 
acetate is also present, the oxygen uptake is lower, probably because oxal- 
acetate can replace oxygen as au oxidant. 

Aerobically the relation of acetoacetate disappearance to citrate forma- 
tion in the complete system is the same as in the anaerobic experiments, but 
with a-ketoglutarate alone large amounts of acetoacetate disappear, yet do 
not appear as 8-hydroxybutyrate or as citrate. This fact suggests that the 
primary reaction is the conversion of acetoacetate to an intermediate com- 
pound which condenses with oxalacetate, if present, to form citrate. 

Influence of Oxygen—Wieland and Rosenthal (2) reported that oxygen 
was necessary for citrate formation from oxalacetate and acetoacetate, 
Weil-Malherbe (4) found no citrate formation from acetoacetate with tissue 
slices anaerobically. The fact that the reaction occurred anaerobically in 
our experiments is probably due to the excess oxalacetate used, which acted 
as an oxidant. In some of our experiments with small amounts of oxalace- 
tate and crude homogenates very little citrate was formed anaerobically. 
These results can be explained by the fact that a large amount of oxalace- 
tate is removed by reduction and by decarboxylation, for we have found 
that if enough oxalacetate is added the reaction proceeds well anaerobically. 

Aerobically, considerable amounts of acetoacetate disappear in all 
samples which have a-ketoglutarate added; 7.e., in all samples in whieh 
a-ketoglutarate oxidation is taking place. The disappearance may not 
always equal that in the complete system, but it is much greater than the 
controls with acetoacetate alone or with acetoacetate plus oxalacetate. 
Anaerobically, acetoacetate disappears (over and above that which is re 
duced) only when oxalacetate and a-ketoglutarate are both present and not 
with addition of a-ketoglutarate alone. This is because anaerobically 
a-ketoglutarate is oxidized to a significant extent only in the samples con- 
taining the excess oxalacetate. It seems clear that the removal of aceto 

acetate is dependent on a-ketoglutarate oxidation. If molecular oxygen 
is not available, oxalacetate can act as the oxidant in this reaction. 
Action of Inhibitors—The extra citrate formation caused by the addition 
of acetoacetate to the otherwise complete system was not influenced by 
0.01 m malonate and cyanide or 0.02 m fluoride. Azide in 0.01 m concentfi- 
tion and 0.001 m iodoacetate produced 20 to 25 per cent inhibition. The 
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system Was completely inhibited by 0.01 m iodoacetate, selenite, and ar- 
ite. 
ee of Barium I[ons—Barium ions were added in nearly all experiments 
because Wieland and Rosenthal suggested that they decrease citrate 
oxidation. However, later experiments indicated that very little citrate 
was oxidized by the washed kidney preparations with or without barium, 
as was ascertained by measuring citrate disappearance and oxygen uptake 
with added cytochrome c (Table VII). The barium ions did tend to stimu- 
late acetoacetate disappearance and citrate formation in some of our experi- 
ments. Further work will be necessary to determine the mechanism of this 


effect. 
DISCUSSION 


Although citrate formation has been followed in most studies of the en- 
yyme citrogenase, it is very probable that an intermediate analogous to 
cis-aconitic acid is the first substance formed from oxalacetic and acetoacetic 
aids. That cis-aconitate or isocitrate and not citrate must be formed first 
has been demonstrated in the case of pyruvate by Wood et al. (20) and indi- 
tated in the case of acetoacetate by the work of Buchanan et al. (6). Cis- 
aconitate would give rise to isocitrate and the remainder of the tricarboxylic 
acid cycle would follow from this point (Krebs (21)). The citrate is formed 
from cis-aconitate in a side reaction, especially when the cycle is stopped at 
isocitrate. Krebs and Eggleston (18) have shown that the equilibrium 
isocitrate = cis-aconitate = citrate is such that from 89 to 96 per cent of the 
material is citrate under different circumstances. For this reason it is pos- 
sible to use citrate formation to follow what is really cis-aconitate formation. 
Since very little citrate is oxidized by our preparations, the cycle must be 
blocked at the isocitrate step, presumably because of absence or inactivity 
of the necessary enzymes. 

The experiments show that very little acetoacetate disappears and very 
little extra citrate is formed when acetoacetate is incubated with washed 
kidney preparation and oxalacetate. When a-ketoglutarate, glutamate, or 
glutathione is also added, acetoacetate disappears and extra citrate is 
formed. Reduction to 8-hydroxybutyrate accounts for only a small part 
d the acetoacetate disappearance. 

The increase in oxygen uptake on the addition of a-ketoglutarate indi- 
tates that this substance is oxidized by our preparations. Anaerobically 
inthe presence of oxalacetate it produces considerable acid formation which 
tan be explained by oxidative decarboxylation. In this case oxalacetate 
Would be the oxidant. It seems therefore likely that the oxidation of 
eketoglutarate is necessary for the transformation of acetoacetate into 
titrate in our preparations. The activity of glutamate is probably due to 
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conversion to a-ketoglutarate by oxidation or by transamination with some 
of the oxalacetate. Such reactions proceed very rapidly in kidney. Gly. 
tathione is less active than glutamate. It is known (Woodward and Rein. 
hart (17)) that glutathione can be split into cysteine, glycine; and glutamic 
acid by kidney extracts. Further work is necessary to determine whether 
the oxidation of other substances can replace a-ketoglutarate oxidation. 
Buchanan et al. (6) reported that a number of substances stimulated the 
disappearance of acetoacetate, but did not determine whether this effect 
was due to their oxidation or to their conversion to oxalacetate, as was 
possible with all the substances used. 

It appears that citrate can be formed by two mechanisms: (a) from 


oxalacetate and pyruvate, (b) from oxalacetate and acetoacetate with the | 


simultaneous oxidation of a-ketoglutarate. Either two entirely different 
mechanisms operate or a common substance formed from pyruvate and from 
acetoacetate condenses with oxalacetate to form the precursor of citrate, 
Krebs (21) has suggested and Martius (3) has supported the idea that a reae- 
tive 2-carbon compound formed by the oxidation of pyruvate, and not 
pyruvate itself, condenses with the oxalacetate. It seemed possible that 
acetyl phosphate might be the reactive 2-carbon compound, since it can be 
formed in pyruvate oxidation (Lipmann (22)) and might arise from aceto- 
acetate in a reaction coupled with a-ketoglutarate oxidation. Ochoa (23) 
has shown that this oxidation can produce phosphate esterification. Acetyl 
phosphate was tested, but it did not produce any citrate formation. Addi- 
tion of phosphate or adenosine triphosphate produced no increase in citrate 
formation; yet the intervention of phosphate in the reaction has not been 
entirely ruled out, for the amount of phosphate in the system was 3 to 4 X 
10-* m, sufficient for a-ketoglutarate oxidation to be 75 per cent of its 
maximum (23). 

Although the trials with acetyl phosphate were negative, there is stills 
strong suggestion that a-ketoglutarate oxidation may be coupled with 
changes in the acetoacetate which prepare it for condensation with oxalace- 
tate. In aerobic experiments without oxalacetate, a-ketoglutarate was 
oxidized and acetoacetate disappeared, but it did not appear either as 
8-hydroxybutyrate or as citrate. Under such conditions an unstable inter- 
mediate 2-carbon compound might be hydrolyzed to acetate. 

Acetate is rapidly metabolized by kidney tissue and it has been suggested 
that it enters the tricarboxylic acid cycle (21). Rittenberg and Bloch (24) 
have recently provided additional evidence in favor of this idea. Acetate 
might enter the cycle directly or it might be synthesized to acetoacetate 
before conversion to citrate. Medes et al. (25) have recently demonstrated 
the synthesis of acetoacetate from acetate in kidney tissue. Acetate did not 
increase citrate formation in our preparations, but this could have been due 
to inactivity of the necessary enzymes. 
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SUMMARY 


The formation of citric acid from acetoacetic acid and oxalacetic acid in 
kidney tissue has been studied. The necessary enzymes were found in the 
insoluble particles from homogenized kidney cortex. Citric acid was not 


_ oxidized by these preparations. 


When oxalacetic acid and acetoacetic acid were added to the washed 
tissue particles, very little acetoacetic acid was removed and very little 
extra citric acid was formed unless a-ketoglutaric acid, glutamic acid, or 
gutathione was also added. The activity of glutamic acid is believed due 
toconversion to a-ketoglutaric acid. The activity of glutathione is believed 


_ due to hydrolysis to yield glutamic acid. 


The evidence indicates that a-ketoglutaric acid was oxidized in both the 
aerobic and in the anaerobic experiments. In the first case oxygen was the 
ultimate oxidant; in the second case excess oxalacetic acid acted as the 
oxidant. 

Since the conversion of acetoacetic acid to citric acid occurred only in 
experiments in which a-ketoglutaric acid (or glutamic acid) was being 
oxidized, this conversion must be linked to a-ketoglutaric acid oxidation 
in the preparations used. 

Balance experiments with determinations of citric acid, acetoacetic acid, 
Shydroxybutyric acid, oxygen consumption aerobically, and acid forma- 
tio anaerobically were carried out. The results were essentially the same 
serobically and anaerobically. About 2 molecules of extra citric acid were 
formed for each molecule of acetoacetic acid which disappeared. Reduc- 


_ tion to 8-hydroxybutyric acid did not account for the disappearance of 


aetoacetic acid. Approximately one extra acidic group was formed for 
each molecule of citric acid formed from pyruvic acid or from acetoacetic 
acid. 

In aerobic experiments without oxalacetic acid there is still a removal of 
ketone bodies which is dependent on a-ketoglutaric acid oxidation, but very 
little citric acid is formed. It is suggested that the primary reaction may 
be the conversion of acetoacetic acid to an intermediate compound which 
condenses with oxalacetic acid, if present, to form the precursor of citric 
acid. 

Modified methods are described for the estimation of citric acid and for 
teetoacetic acid in the presence of oxalacetic acid. 


The authors are greatly indebted to Professor Carl F. Cori and Dr. 8. P. 
Colowick for many valuable suggestions and criticisms. 
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THE USE OF ACETOBACTER SUBOXYDANS FOR ASSAY 
OF THE LACTONE MOIETY OF PANTOTHENIC ACID* 


By HERBERT P. SARETTt ann VERNON H. CHELDELIN 
(From the Department of Chemistry, Oregon State College, Corvallis) 


(Received for publication, March 13, 1945) 


Acetobacter suboxydans (1) and hemolytic streptococcus strain H69D (2) 
are the only known microorganisms for which the lactone! moiety of panto- 
thenie acid , /-a-hydroxy-8 ,8-dimethyl-y-butyrolactone, can replace panto- 
thenic acid as an essential growth factor. Complete studies of the nutri- 
tion of Acelobacter suboxydans (1, 3-6) determined all of its essential growth 
requirements and showed that it could be used for the assay of p-amino- 
benzoic acid (4, 5) and nicotinic acid (6). 

Although the lactone moiety can replace pantothenic acid for growth 
of the above organisms, 6-alanine has no activity. Most animals and 
bacteria require the intact pantothenic acid molecule (7-10). Lactic 
acid bacteria cannot utilize lactone or 6-alanine or a combination of both 
(9,10). Several yeasts (11, 12) and the diphtheria bacillus (13) can utilize 
the 6-alanine fragment but not the lactone. 

In the present communication a method is proposed for the assay of 
lactone by the use of Acetobacter suborydans. The sensitivity of the 
organism to lactone, as reported by Underkofler et al. (1), has been 
increased by changes in the medium and by the finding that the organism 
tan utilize the alkali-hydrolyzed lactone, a, y-dihydroxy-,8-dimethyl- 
butyric acid, 4 to 5 times as effectively as it does the intact lactone. Tur- 
bidimetrice measurements after 60 to 70 hours permit measurement of 
0.1 to 0.5 y of the dihydroxy acid! per flask (10 ml.). For assay purposes 
ill of the pantothenic acid and lactone present is hydrolyzed by alkali 
to the dihydroxy acid before measurement. Assay is also made for the 
pantothenic acid present in the original material. This method does not 


 tllow accurate measurement of small amounts of lactone in the presence of 


*A preliminary report was presented before the Division of Biological Chemistry 
tithe 108th meeting of the American Chemical Society, New York. 

Published with the approval of the Monographs Publication Committee, Oregon 
State College. Research paper No. 90, School of Science, Department of Chemistry. 

This work was supported by the Nutrition Foundation, Inc. 

tPresent address, Medical Research Laboratory, Edgewood Arsenal, Maryland. 

‘In the present communication, the lactone moiety of pantothenic acid refers to 
le-a-hydroxy-8,-8-dimethyl-y-butyrolactone. Alkali-hydrolyzed lactone or the 
dihydroxy acid refers to a, y-dihydroxy-8, 8-dimethylbutyric acid. We wish to 
thank Dr. J.C. Keresztesy of Merck and Company, Inc., for a gift of the lactone used 
im these studies. 
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excess pantothenic acid, but is useful in searching for lactone which is got 
bound as pantothenic acid, and in investigation of pantothenic acid metab. 
olism (14). 


Method 


Acetobacter suboxydans* is maintained on slants of medium containing 
0.5 per cent Difco yeast extract, 5 per cent glycerol, and 2 per cent agar. 
The slants are incubated at 30° for about 36 hours and are then kept in 
the refrigerator. Stock cultures are transferred every month and slants 
for daily use are prepared weekly. The test inoculum is obtained from 
a 30 to 40 hour culture grown at 30° in a 50 ml. Erlenmeyer flask in 10 
ml. of the diluted basal medium (Table I), to which 0.1 y of the dihydroxy 
acid and 5 mg. of liver concentrate have been added. 

Basal Medium—The medium proposed by Underkofler e¢¢ al. (1) and 
used for assay of p-aminobenzoic acid (4, 5) and nicotinic acid (6) does 
not respond to small amounts of the dihydroxy acid or pantothenic acid 
and requires 1 to 5 y per flask to obtain a suitable growth curve. A con- 
parison of this medium with the suggested basal medium is presented in 
Table I, and shows the changes which have been made to increase the 
growth response of the organism. The new medium permits the measure 
ment of 0.1 to 0.5 y of the dihydroxy acid per flask, gives approximately 
the same growth with the dihydroxy acid as with equimolecular amounts 
of pantothenic acid, and promotes as good growth with excess dihydroxy 
acid or pantothenic acid as is obtained in the presence of yeast or liver 
extracts. 

Glucose (or its end-products after being autoclaved) has a marked 
stimulatory action as a carbohydrate source in addition to the glycen 
present. Increasing the casein content of the medium to 10 gm. per lite 
also results in more rapid and heavier growth. Purines and pyrimidines, 
which were shown to be stimulatory for the p-aminobenzoie acid assiy 
(5), are likewise necessary for maximum sensitivity to the dihydroxy acié. 
8-Alanine was added in amounts ranging from 1 y to 2 mg. per flask, ani 
was found to increase the growth obtained with small amounts of lactone 
the dihydroxy acid. The stimulation obtained with 2 mg. per flask we 
about the same as was found with 10 y per flask. The smaller amount ¥# 
retained in the medium for its growth promotion and to offset the effet 
of any 8-alanine which may be present as such or from hydrolysis of pante 
thenic acid in assay samples. 

In the presence of the above supplements, the greatest response to the 
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* This organism is listed as No. 621 in the American Type Culture Collection. Dr. 
L. A. Underkofler of the University of Wisconsin kindly supplied us with a slant 
the organism. 
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added dihydroxy acid was obtained by the inclusion in the medium of 
charcoal-treated liver extract and charcoal-treated peptone. These panto- 
thenic acid-free extracts are prepared together as follows: 

10 gm. of liver concentrate* and 25 gm. of Difco peptone are dissolved 
in water, diluted to a volume of 500 ml., steamed for 10 minutes, and cooled. 
The pH is adjusted to 1.5 and the solution shaken for 20 minutes with 














TaBie I 
Basal Media for Acetobacter Suborydans 
_— Assay for | Present 
|2aq th as) | medium 
- - _ _ — onnte 
ey | gm. gm. 
Glycerol , ; ha & hh Oe ered eee he ae eed | 100 | 100 
Casein hydrolysate. . bee eS Bae 6 10 
i OURO. ooo Si waa ede NTS lal | 5 
“ a6 liver concentrate®. ...... 066. 66...05.. asf 2 

mg. mg. 
Tryptophane vb ivigid } dada ba ppebiedashaens ab ani 200 200 
Cystine... ss i, 2) Meets osha -0: acne tol cea 150 150 
Adenine mets aap va tinkelnoca eee 10 | 10 
Guanine bg Ak ABT a ta San | | 10s 10 
Xanthine oe as ee iO t 10 
Uracil. . , 1443 <a oted which | | 10 
$-Alanine iS PENS SRE IA SP | 2 

| mi mil. 
Salt Solution At 10 10 
eo «6s Bt 10 10 

Ae ak 
(aleium pantothenate.... : RY wy 200 
Meotinic acid. . ee uve. Bath 200 200 
pAminobenzoic acid.. be énte vical evn eet Re 200 
Distilled water to 1 liter, pH > Saree les iF, 





*See the text for preparation. 
Prepared according to Snell and Strong (15). 





gm. of norit A and filtered. The pH is readjusted to 1.5 and the char- 
tal treatment repeated. The second filtrate is adjusted to pH 6.0, 
Seamed, cooled, and filtered. The final solution, containing 50 mg. of 


peptone and 20 mg. of liver concentrate per ml., is kept in the refrigerator 
under toluene. 


"We are indebted to Dr. T. H. Jukes of the Lederle Laboratories, Inc., for a gift of 
concentrate and to Stanley W. Hier of The Wilson Laboratories pai a sample of 
'8 1:20 liver powder. Either of these preparations may be used. 
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No further improvements in the medium could be made by changing 
the pH or by adding other known B vitamins, dl-alanine, asparagine 
succinic acid, sodium bicarbonate, ammonium sulfate, sodium acetate, 
or norit-treated yeast or beef extracts. 

The presence of 2 mg. of dil-alanine per flask inhibits utilization of the 
lactone or the dihydroxy acid but not of pantothenic acid. The same 
amount of asparagine curtails growth with all three of these substances, 
2 mg. of taurine, the sulfur analogue of 8-alanine, severely inhibit the growth 
response to all three forms of the growth factor. The inhibition of the 
split-products is greater than that of the intact pantothenic acid molecule, 
and is completely overcome by excess §-alanine. Experiments with 
pantoyltaurine showed sporadic inhibition or stimulation with 0.5 to 2 
mg. per flask. The stimulatory effect seems to indicate that some of the 
pantoyltaurine was hydrolyzed, either in our sample or by the bacteria, 

Assay Procedure—All tests are carried out in 50 ml. Erlenmeyer flasks. 
The sample (at pH 6.0) in each flask is diluted (if necessary) to 5 ml 
with distilled water and 5 ml. of the basal medium (pH 6.0) shown in 
Table I are added. A standard curve which is run each time contains 
0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.8 y of the alkali-hydrolyzed lactone or 
its equivalent of alkali-hydrolyzed pantothenic acid. A few points ar 
run in duplicate. The lactone standard is hydrolyzed by steaming o 
autoclaving 50 to 100 y of lactone in 5 ml. of 1 n NaOH for 10 to 40 minutes, 
neutralizing to pH 6.0, and diluting to an appropriate volume. The same 
results are obtained after steaming or autoclaving of the lactone. When 
pantothenic acid is used, it must be autoclaved about 30 to 40 minute. 
Samples to be assayed are run in duplicate at three levels, 1 to 3 ml. con 
taining about 0.1 y of lactone per ml. 

All values in the present communication are in terms of the weight d 
the lactone. The molecular weight of the lactone is 130 or 54.6 per cent 
of the molecular weight (238) of the calcium pantothenate standard. 

The flasks are plugged and autoclaved for 15 minutes. After being 
cooled, each flask is inoculated with 1 drop of the inoculum, prepared by 
transferring the 30 to 40 hour culture previously described to a stem 
test-tube, centrifuging, and resuspending the organisms in about 15 ml 
of sterile saline. The flasks are incubated in a 30° water bath for 0% 
70 hours. Convenient wooden holders have been devised, each of which 
holds a row of flasks in the bath. Growth is measured turbidimetrically 
after shaking each culture thoroughly and transferring the suspension #@ 
a test-tube. The turbidities are read with a 540 mz filter in any reliable 
photoelectric colorimeter, with an uninoculated culture as a blank. The 
turbidimetric readings are given in terms of optical density which is equal 
to log 100 minus log per cent transmission. 
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A typical standard curve for the dihydroxy acid is shown in Fig. 1. 
The growth curve obtained with equimolecular amounts of pantothenic 
seid is approximately the same. The untreated lactone, or lactone formed 
by acid treatment of the dihydroxy acid, has about 20 to 25 per cent of 
the activity of the dihydroxy acid. In order to lactonize the dihydroxy 
sid, it is necessary to heat the solution at 100° for 10 minutes at a pH of 
2 or less. 

Preparation of Sample for Assay—Several attempts were made to separate 
the lactone from pantothenic acid quantitatively in order to avoid the 
dificulties inherent in determining total lactone and pantothenic acid and 
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MICROGRAM 
Fic. 1. Growth response of Acetobacter suborydans to the alkali-hydrolyzed lac- 
tone moiety of pantothenic acid. The weights shown are in terms of the lactone. 
Optical density is log 100 minus log per cent transmission (2 — log G). 


obtaining values by difference. All of the charcoals tried removed lactone 
is well as pantothenic acid from solution. Other experiments with ad- 
‘orbents and ion exchange resins were unsuccessful. Ether extraction of 
lactone from an aqueous solution at pH 7 to 7.5 (16) was not quantitative 
for the low concentrations of lactone encountered. Only 30 to 40 per cent 
could be recovered in this manner. Since it was considered possible that 
the dihydroxy acid as well as the lactone might occur naturally, and that 
the acid would not be extracted by the ether, these experiments were 
thandoned. The finding that the dihydroxy acid was 4 to 5 times as 
tetive as the lactone led to the use of alkali-hydrolyzed samples, with 
‘propriate corrections for the pantothenic acid in the samples. 

2gm. samples are autoclaved in 10 ml. of 1 N NaOH for 30 to 40 minutes, 
‘dled, neutralized to pH 6.0, diluted to proper volume, and filtered if 
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necessary. For analysis an aliquot is diluted so that 1 ml. contains about 
0.1 y of lactone. Extracts of samples containing large amounts of panto. 
thenic acid or lactone are usually clear and colorless. For slightly turhig 
or colored solutions, an uninoculated flask containing the largest amoupt 
of the diluted sample is set up and used as a blank correction for the “top” 
flask. Simple division of this blank value gives correction figures for the 
other flasks of the series. Pantothenic acid assays are carried out on the 
original material by the method of Hoag, Sarett, and Cheldelin (17), 


Tasie II 
Total Lactone Analyses and Recoveries 








, . Lac- | tone | Re 
Material Sample tone | per | cov. 
found | gm. | ey 

or ml, 


me. 5 7 4 
Yeast-liver extract 0.67 0. 19/285 
1.33 0.34255 
2.0 0.54/270 
0.67 + 0.2 y lactone 0.38 95 
Laeeenrt* 0.4 10 
Rice bran extract 1 0.12120 
0.25)125 
0.37|123 | 
0.52/130 
0.2 y lactone 0.32 10 
FS fae 0.43 % 
Urine C2 8.0 
‘« 4+ 25 y pantothenic acid* per ml. 21.810 
“ R2 | BA 
‘«  «* 4. 25 y pantothenic acid* per ml. | 27.418 
« @ | 8.0 


“« « 4 25 y pantothenic acid* per ml. > 21.3 # 
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* 25 y pantothenic acid contain 13.6 y of lactone (54.6 per cent). 


Table II shows the lactone value and recoveries of added lactone & 
pantothenic acid for some samples. There is good agreement at the differett 
levels assayed and good recoveries of lactone, added either as lactone @ 
pantothenic acid. The pantothenic acid recovered in the three urine 
samples was added to the urines before alkaline hydrolysis and carried 
through the entire assay. 


Results 
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The total lactone contents as measured by Acetobacter suboxydans 
that calculated from pantothenic acid assays are shown in Table Ill 
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sinesamples. Four of the samples had been analyzed for pantothenic acid 
by both microbiological and chick methods. For most of the samples the 
total lactone was greater than that which could be accounted for by mi- 
qobiological pantothenic acid assay. Since most of them were concen- 
trates, it was natural to expect some pantothenic acid breakdown to 
lctone or the dihydroxy acid. No extra lactone was found in the ground 
wheat or the rice bran extracts. 

The pantothenic acid values obtained for certain foods by chick assay 
have been higher than those reported by microbiological assay (17-19). 
The yeast concentrates shown in Table III do not contain enough total 
lactone to account for the high chick values, and it appears that the chick 
values are not due solely to the pantothenic acid content of the concen- 














TaB_Le III 
Total Lactone and Lactone Calculated from Pantothenic Acid Assays 
| Pantothenic Pantothenic 
Sample | Total lactone | acid lactone,* | acid lactone,* 
| microbiological! chick assayt 
vy pergm. | ¥ per gm. y per gm. 
Yeast-liver Concentrate 1...................} 140 96 267 
“ - ee rie | 185 | 108 333 
fortified yeast-liver concentrate............ 275 | 255 435 
Rice bran extract 1........................ 125 120 
SS la cnt te be cces ay cleawyeiien | 150 | 149 153 
Ground wheat....... ies ld ae 3.7 | 3.6 
ESE REE 2: 4.5 | 12.5 | 
IIL... 5 > vpsivicis ven>cncnnuunaee 85 | 46 
liver powder (Wilson’s 1:20)............... 307 | 169 





*Caleulated from the pantothenic acid found (54.6 per cent). 
t We are indebted to Dr. A. L. Caldwell of Eli Lilly and Company for the chick 
assays. 


trates. Neal and Strong (18) and Willerton and Cromwell (19) attributed 
the difference between microbiological and chick assays to poor digestion 
ai the sample before the microbiological assay. By incubating 0.5 gm. 
ifthe samples with 1 gm. of clarase in 10 ml. of buffer for 48 hours, Willer- 
tn and Cromwell (19) obtained microbiological values which approached 
the chick values. Neal and Strong (18) found that, after strong alkaline 
lydrolysis of yeast, liver, and other substances, some pantothenic acid 
wttion remained. For liver the residual activity was 4 times as great 
When measured by chick assay as when measured microbiologically. 
Since differences between chick and microbiological assays are only found 
Meertain types of foods, it is possible that the chick diet may be incom- 
plete. The discrepancies reported here between total lactone figures and 
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chick assays for pantothenic acid suggest that factors other than panto 
thenic acid are influencing the chick values. 


SUMMARY 


A microbiological assay procedure for the lactone portion of the panto. 
thenic acid molecule is presented, based upon the growth response of 
Acetobacter suborydans. Alkaline cleavage of the lactone to a ,y-dihydroyy. 
8,8-dimethylbutyric acid increases its growth-promoting effect sever) 
fold and makes it as effective as equimolecular amounts of pantothenic 
acid. Supplements have been added to the medium which allow measur. 
ment of 0.1 to 0.5 y of lactone per flask. 

8-Alanine cannot replace pantothenic acid or the dihydroxy acid for 
growth, but increases the response to the dihydroxy acid and is included 
in the medium. Taurine inhibits growth response to both the dihydroxy 
acid and pantothenic acid. This inhibition may be overcome by excess 
6-alanine. 

For assay purposes alkaline hydrolysis is used to convert lactone and 
pantothenic acid to the dihydroxy acid. Good agreement of total lactone 
values of samples assayed at different levels and complete recovery of 
added lactone or pantothenic acid have been obtained for several foods, 
concentrates, and urines. 

Yeast concentrates were found to contain more lactone than could be 
accounted for by microbiological assays for pantothenic acid, but not 
enough lactone to account for the high values obtained by chick assay. 
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THE METABOLISM OF PANTOTHENIC ACID AND ITS 
LACTONE MOIETY IN MAN* 


By HERBERT P. SARETTt 
(From the Department of Chemistry, Oregon State College, Corvallis) 


(Received for publication, March 13, 1945) 


The daily urinary excretion of pantothenic acid has been found to 
average 3.1 to 3.8 mg. for a few groups of normal subjects (1-4). Some 
data have been published which show that only a small part of test doses of 
pantothenic acid is excreted in the urine (1, 5) but no information is avail- 
able on the fate of the remainder (6). 

Since certain bacteria and many strains of yeast can utilize the lactone! 
moiety (7-9) or 8-alanine (10-12) to replace pantothenic acid for growth, 
the present study was undertaken to determine whether the lactone moiety 
isa breakdown product in the metabolism of pantothenic acid by humans. 
Pantothenic acid and total lactone (after alkaline hydrolysis) were measured 
innormal urines, and after oral and intravenous doses of pantothenic acid, 
lactone, and alkali-hydrolyzed lactone.' The results show that lactone 
isnot a normal constituent of urine, does not account for the pantothenic 
acid which disappears after test doses, and is not metabolized by humans. 


EXPERIMENTAL 


The experiments were conducted on three male subjects, aged 23 to 
29, each of whom continued on his regular diet throughout the course of 
the experiments (10 weeks) with no vitamin B supplements. Test doses 
were given at about weekly intervals and 24 hour urines were collected 
with 10 ml. of glacial acetic acid and preserved in the refrigerator. Intra- 
venous injections were made with freshly sterilized solutions of pantothenic 
acid or lactone in 5 ml. of saline. Alkali-hydrolyzed lactone was prepared 
by autoclaving 160 mg. of lactone in 5 ml. of 0.5 nN NaOH (9). Neutral- 
ization with HCl and dilution to 16 ml. provided the proper saline con- 
centration for administration. 


* Published with the approval of the Monographs Publication Committee, Oregon 
State College. Research paper No. 91, School of Science, Department of Chemistry. 

This work was supported by the Nutrition Foundation, Inc. 

tPresent address, Medical Research Laboratory, Edgewood Arsenal, Maryland. 

‘In the present communication, the lactone moiety of pantothenic acid refers to 
ln0-a-hydroxy-8, 8-dimethyl-y-butyrolactone. Alkali-hydrolyzed lactone or the 
dihydroxy acid refers to a, y-dihydroxy-8, 8-dimethylbutyric acid. We wish to thank 
Dr. J.C. Keresztesy of Merck and Company, Inc., for a gift of the lactone used in 
these studies. 
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The pantothenic acid of the test urines was measured by the use of 
Lactobacillus arabinosus (13), and total lactone (after alkaline hydrolysis 


TABLE I 


Urinary Excretion of Pantothenic Acid and Total Lactone by Three Subjects on 
Normal Diets and after Test Doses 




















= 
= nn ee | Total | minus 
| sample a | acid lactone | freee 
| No. lactone® | acid 
lactone* 
me. ms. mg mg. 
Control C-] 1.3 0.7 0.1 
nt 3.3 1.7 1.7 | 00 
8-1 4.3 | 23 | 261] 08 
C5 | 5.3 | 2.9 | 2.8 |-01 
R-5 | 2.7 | 1.5 | 1.8 | 08 
S-5 4.0 | 2.2 2.1 |-0.1 
After 100 mg. pantothenic acid, orally C-2 | 12.1 | 6.6 | 12.7 | 61 
R-2 | 21.0 | 11.5 | 13.8 | 23 
S-2 | 17.0 | 9.3 | 13.3 | 40 
C-7 | 22.0 | 12.0 | 12.6 | 06 
R-7 | 26.4 | 14.4 | 15.6 | 12 
S-7 | 18.9 | 10.3 | 12.8 | 25 
C-9 | 18.9 | 10.3 | 11.8 1.5 
R-9 | 11.7 | 6.4 | 9.4 | 30 
8-9 |.17.9 | 9.8 | 11.9 | 2 
3. ae* - ‘*  intrave- | C-6 | 37.6 19.9 | 19.9 | 00 
nously R-6 | 43.9 | 23.9 | 23.8 \-0.1 
S-6 | 26.4 | 14.4 | 14.7 | 03 
After 50 mg. lactone, intravenously C-3 4.6 
R-3 | 3.6 | 2.0 | 52.7 | 507 
S3 | 4.4 | 2.4 | 53.7 | 518 
Ts AD * orally C-8 7.2 3.9 | 51.0 | 47.1 
R-8 | 6.2 | 3.4 | 52.7 | 49.3 
S-8 | 5.3 | 2.9 | 51.2 | 483 
C-10| 8.4 4.6 | 57.0 | 52.4 
R-10| 5.8 | 3.2 | 85.2 | 20 
S-10| 4.5 | 2.5 | 54.0 | S15 
After 50 mg. alkali-hydrolyzed lactone, C-4 5.7 3.1 | 51.9 | 488 
intravenously R-4 3.0 1.6 | 53.0 | 514 
S-4 2.4 1.3 | 54.2 | 89 
After 50 mg. alkali-hydrolyzed lactone, C-11| 6.3 3.4 | 41.8 | 38.4 
orally | R-1l) 6.6 | 3.6 | 52.0 | 44 
S-11| 5.0 | 2.7 | 41.3 | 38.6 








* Calculated from the pantothenic acid found (54.6 per cent). 


of the urines) assayed with Acetobacter suboxydans (9). All lactone and 
dihydroxy acid values are reported on the basis of the lactone, whose molec 
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war weight is 130, which is 54.6 per cent of the molecular weight of the 
calcium pantothenate used as the standard for pantothenic acid (9). 


Results 


The excretion of pantothenic acid and total lactone in normal urines and 
after various test doses is shown in Table I. The pantothenic acid content 
(Lactobacillus arabinosus) of the normal urines ranged from 1.3 to 5.3 mg. 
(average, 3.5 mg.) and accounted for approximately all of the lactone 
content, as measured by Acetobacter suborydans. The average pantothenic 
acid excretions of these control days were used in the calculation of addi- 
tional pantothenic acid excretion after test doses. 

After oral administration of 100 mg. of pantothenic acid, the three sub- 
jects excreted 8.8 to 23.4 mg. of extra pantothenic acid, averaging 15 mg. 
However, the pantothenic acid content of these urines did not account for 
the total lactone excretion. The urines contained from 0.6 to 6.1 mg. of 
lactone in addition to that calculated from the pantothenic acid content. 
The average for the nine urines was 2.6 mg. of extra lactone. Intravenous 
administration of 100 mg. of pantothenic acid resulted in greater panto- 
thenic acid excretion (22.3 to 40.9 mg., average 35 mg.) but in contrast to 
the oral test dose, no extra lactone was detectable in the urine. 

50 mg. doses of lactone taken orally or intravenously could be completely 
recovered in the urine. After the oral dose of lactone, the pantothenic 
acid content of the urine increased to an average of 6.2 mg. per day. 

Since Acetobacter suboxrydans was found to utilize the alkali-hydrolyzed 
lactone, a , y-dihydroxy-8 ,8-dimethylbutyric acid, 4 to 5 times as effectively 
as the lactone (9), the dihydroxy acid form was tested on the three sub- 
jects. Intravenous administration of the dihydroxy acid resulted in its 
total excretion in the urine, but after oral doses the excretion by two of 
the subjects was only about 80 per cent of the dose. The oral administra- 
tion of the dihydroxy acid, like that of the lactone, increased the panto- 
thenic acid excretion to an average of 6.0 mg. 


DISCUSSION 


Although some bacteria can synthesize pantothenic acid from its lactone 
moiety, the evidence presented here indicates that the lactone portion of 
the pantothenic acid molecule is not an intermediate in the breakdown of 
pantothenic acid by man. Since the three subjects did not metabolize the 
lictone or the dihydroxy acid, and since none of these compounds appeared 
inthe urine after an intravenous dose of pantothenic acid, the breakdown 
of pantothenic acid in humans must proceed by one or more other path- 
Ways, 

The excretion of a little extra lactone or dihydroxy acid after oral doses 
of pantothenic acid appears to be due to the action of intestinal bacteria. 
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Bacteria may also have some effect upon the lower excretion of pantothenie 
acid after oral doses compared to intravenous doses of pantothenic agid, 
However, the high blood levels of pantothenic acid after intravenous injec. 
tion may account for most of the difference (1). 

Since the excretion of lactone is the same after oral or intravenous admin. 
istration of lactone, it appears that the intestinal bacteria do not attack 
the lactone ring. However, the lower excretion of oral doses of the di- 
hydroxy acid seems to indicate some bacterial action on this compound. 
Both of these compounds are completely recovered after intravenous 
administration. 

The increases in pantothenic acid excretion after oral doses of the lactone 
or of dihydroxy acid are not readily explainable, but may possibly result 
from a stimulatory action of this molecular configuration upon the intes- 
tinal bacteria. This effect is not observed with intravenous doses of these 
compounds. 

SUMMARY 


The pantothenic acid and total lactone content has been measured in 
urines of three male subjects on normal diets, and after oral and intravenous 
administration of pantothenic acid, and its lactone or dihydroxy acid 
moieties. 

The normal pantothenic acid excretion averaged 3.5 mg. per day and 
accounted for the total lactone present, as measured after alkaline hydrol- 
ysis of the urine. 

After 100 mg. oral doses of pantothenic acid an average of 15 mg. 
additional pantothenic acid and 2.6 mg. of extra lactone were found in the 
urines. Intravenous administration of the same amount of pantothenie 
acid resulted in the excretion of 35 mg. of additional pantothenic acid. 
This accounted for all of the lactone present. 

Oral or intravenous doses of 50 mg. of lactone and intravenous doses 
of 50 mg. of the dihydroxy acid were completely recovered in the umine. 
After oral doses of the dihydroxy acid, only 80 per cent was found in two 
of the urines. After oral doses of the lactone or of the dihydroxy acid, the 
daily pantothenic acid excretion increased to about 6 mg. 

It is concluded that the lactone or the dihydroxy acid moieties are not 
normal intermediates in the metabolism of pantothenic acid in man. 


The author wishes to thank Dr. V. H. Cheldelin for his advice 
and suggestions. 
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RELATION OF SCURVY TO THE ADRENALIN CONTENT OF 
THE ADRENAL GLANDS OF GUINEA PIGS 


By SACHCHIDANANDA BANERJEE* 


(From the Department of Mitra Research in Diabetes, School of Tropical Medicine, 
Calcutta, India) 


(Received for publication, March 29, 1945) 


It has been reported from this laboratory (1) that a deficiency of vitamin 
Cin guinea pigs leads to changes in carbohydrate metabolism, as evidenced 
by glycosuria, a diabetic type of the glucose tolerance curve, and depletion 
of the glycogen content of the liver. We have also found that there is a 
fall in the insulin content of the pancreas (2), an increase in the size and 
also the number of islets, and degranulations of the 6-cells of the pancreas 
(3) of scorbutic guinea pigs. 

It is well known that adrenalin and insulin produce opposite glycemic 
efiects (Cori and coworkers (4, 5)). It was therefore of particular interest 
toexamine the effect of scurvy on the adrenalin content of the adrenal glands 
of guinea pigs. 

McCarrison (6) reported that the adrenalin content of the adrenals of 
scorbutic guinea pigs is decreased. Ohata (7) also noted a definite reduc- 
tion in the adrenalin content of the adrenal glands of scorbutic guinea pigs 
and presented evidence that this was not purely an effect of inanition. 
Deutsch and Schlapp (8) likewise reported a decrease in the adrenalin con- 
tent of the adrenal glands of guinea pigs in scurvy. Mouriquand and 
leulier (9), however, found no lowering of the adrenalin content of the 
adrenals of guinea pigs in avitaminosis C. Guha (10) also observed no 
change in the adrenalin content of the adrenals of scorbutic guinea pigs. 

In view of the conflicting data cited above it was decided to reinvestigate 
the adrenalin content of the adrenal glands of scorbutic guinea pigs. A 
preliminary report of this work has been published elsewhere (11). 


EXPERIMENTAL 


Two groups of young guinea pigs of weights varying between 250 gm. 
and 400 gm. were selected. One of the groups was fed ad libitum a scorbutic 
diet consisting of crushed barley 64 parts, crushed gram! 20 parts, casein 
12 parts, calcium carbonate 3 parts, and common salt 1 part for 22 to 25 


*Present address, Department of Biochemistry, Cornell University Medical Col- 
lege, New York. 
‘Cicer arietinum (Leguminosae) is a pulse commonly cultivated as human food 
in India 
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days until the animals developed scurvy. The second group of guinea pigs 
received the above diet for 15 days with the daily oral supplement of 5 mg, 
of ascorbic acid per animal. The animals of both the groups were fed 02 
ec. of a concentrate of vitamins A and D (adexoline, Glaxo) twice a week 
during the experimental period. 


TABLE [I 


Determination of Adrenalin in Normal and Scorbutic Guinea Pigs 


























- | Weight of Loe 
r Average | Weightof | Ascorbic acid Adrenalin 
No. of a adrenal per 
¢ ht led 1 gm. of 
animals 1 a ay p. an 8 = a a el . 
Tres — ——_ -——_—- | --- — - ————_— _ ———————. 
| gm. me. meg. mg. Y 
Seorbutie | 4 310 1140 9 =| «= (0.082 859 
| 4 374 | «(1120 93 | 0.038 675 
| 6 292 | 1700 96 0.021 707 
| 7 340 2840 119 | 0.048 636 
Ne Eoin tein od : 100 = | «(0.0385 719.2 
Normal [| 4 311 720 57 | (0.915 502 
$ 310 860 69 0.732 230 
4 237 560 59 | 0.828 459 
buts & 323 = 760 59 =| )=«(1.184 263 
| 4 | 397 | 980 62 | 1.351 315 
Mean...... | 61.2 | 1.002 358.8 
Tasie Il 


Statistical Analysis 


All values of ¢ are highly significant. 





Weight of 














| adrenal per 100 5 | — 
ted | of adrenal adrenal 
haliabiieeeieden on ae a | 
meg. | me. | 7 
Difference of means es 38.8 | 0.967 | 365.4 
Standard error of difference oe 6.187 | 0.13078 | 74.66 
Nt ee Bes oe 4! 7 6.27 | 7.39 4.89 








The animals were fasted overnight. They were killed by a blow on the 
head and the neck veins were cut. The adrenals were carefully freed from 
the connective tissue and transferred to a weighed bottle containing normal 
saline and a few drops of 10 per cent trichloroacetic acid. The adrenal 
glands of several animals were pooled and extracted with trichloroacetic 
acid by the method of Barker and Marrian (12). 
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Of the different chemical methods for the estimation of adrenalin, Folin 
and Trimble’s reagent (13) as used by Barker et al. (14) was found to be 
most satisfactory in our hands. It was shown by Guha (10) and Birch 
dal. (15) that Folin’s tungstic acid reagent gives a blue color with ascorbic 
acid as well as with adrenalin. Rees (16) observed that the blue color 
obtained with Folin’s reagent was proportional to the amount of ascorbic 
acid present. When the ascorbic acid in the adrenal gland extracts was 
first determined by titration with 2,6-dichlorophenol indophenol and the 
blue value corresponding to the amount of ascorbic acid present was sub- 
tracted from the total blue value of the sample, the true adrenalin content 
of the sample was obtained. This result was found by Rees to correspond 
to that determined biologically. Von Euler (17) and Sehild (18) also ob- 
tained no significant difference in the adrenalin content of the adrenals 
of guinea pigs when it was determined by the biological and colorimetric 
methods. Rees’ modified method for the colorimetric estimation of ad- 
renalin was therefore used in the present investigation on the trichloroacetic 
acid extract of adrenal glands. The results are shown in Table I and the 
statistical analysis is given in Table IT. 

DISCUSSION 

It will be noted from the data of Table I that the adrenal glands of the 
scorbutic guinea pigs were found to be much higher in adrenalin than were 
those of normal control animals. This is in contrast to the findings of 
previous investigators cited earlier. It is therefore of interest to compare 
the method used in this study with those used by others. 

McCarrison (6) used Folin’s reagent for the estimation of adrenalin 
and, since it is known (10, 15, 16) that Folin’s reagent also gives a blue 
color with ascorbic acid, a relatively higher adrenalin value for the adrenals 
of normal guinea pigs might have resulted from the fact that the normal 
glands contain larger amounts of ascorbic acid. In scurvy the ascorbic 
acid content is greatly diminished (Table I), so that the diminution of the 
adrenalin value might have been apparent rather than real. Ohata (7), 
who also noted a reduction of the adrenalin content in scurvy, estimated 
adrenalin with iodic acid which likewise reacts with ascorbic acid. On the 
other hand Mouriquand and Leulier (9) who used mercuric chloride, which 
gives a red coloration with adrenalin and no coloration with ascorbie acid, 
obtained no decrease in the adrenalin content of the adrenal glands in 
scurvy. Guha (10) who determined adrenalin biologically also found no 

i ce in the adrenalin content under the two conditions. These 
workers, however, used guinea pigs which were in the extreme stages of 
stirvy. On the other hand, our animals were killed when they were just 
falling in weight and were in the early stages of scurvy. Deutsch and 
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Schlapp (8) determined adrenalin content biologically and found a redue- 
tion in the adrenalin content of the adrenals in scurvy. These results which 
differ from that of Guha (10) are difficult to reconcile with our own. We 
do not know whether the different diets used by us had anything to do 
with it. The size of the adrenal glands has been found to be considerably 
increased in scurvy. This was also observed by Deutsch and Schlapp (8), 
McCarrison (6), Michaud (19), and Baldwin et al. (20). We have not 
used the paired feeding technique in our experiments and it might be argued 
that the results are due to inanition. However, in the experiments of Bald- 
win et al. (20) the paired feeding technique was employed and, although the 
adrenalin content of the adrenals was not determined, they observed the 
same increase in the weight of the gland as we have observed. It seems 
unlikely, therefore, that the increase in the adrenalin content in scurvy is 
the result of inanition. The increase in the adrenalin content of the ad- 
renals in scurvy is of particular interest in relation to our earlier finding (2) 
that the insulin content of the pancreas is decreased. The action of vitamin 
C on the secretion of insulin appears to be specific in some degree, as the 
insulin content of the pancreas is not altered in vitamin B, deficiency, which 
also affects carbohydrate metabolism (21). 

The lowered glucose tolerance and the lower glycogen content of the 
liver of the scorbutic guinea pigs as compared to normal animals may be 
partly due to an increased action of adrenalin in the absence of the opposing 
action of insulin. The lower glycogen content of the liver in scurvy might 
also be due in part to the decrease in adrenal cortical hormone in scorbutie 
guinea pigs observed by Giroud et al. (22, 23), since adrenal cortical hor- 
mone has been shown by Grattan and Jensen (24) to promote the deposi- 
tion of glycogen in the liver. 


SUMMARY 


The effect of scurvy on the adrenalin content of the adrenal glands of 
guinea pigs was studied. A significant increase in the adrenalin content 
of the adrenals of scorbutic guinea pigs was noted, in contrast to the earlier 
findings of a diminution of the insulin content of the pancreas in scurvy. 


Standard adrenalin was obtained by courtesy of Dr. B. Mukerji, director 
of the Biological Standardisation Laboratory, Government of Indis. 
Hoffmann-La Roche, Inc., made a free gift of 2 ,6-dichlorophenol 
indophenol. 
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Pyridoxal, the 4-aldehyde of pyridoxine described by Snell (1), has been 
shown to be converted into the coenzyme of tyrosine decarboxylase by 
living cells (2) and by enzyme preparations (3) of Streptococcus faecalis. 
With the latter a supply of adenosine triphosphate (ATP) is necessary (3). 
Gale and Epps (4, 5) have isolated a coenzyme for tyrosine (and lysine) 
decarboxylase and have reported that this substance, termed codecarboxry- 
lase, is free from phosphorus. Treatment of pyridoxal with chemical 
phosphorylating agents yields a preparation which activates the tyrosine 
decarboxylase system without the addition of ATP (6). This coenzyme 
also functions with the purified, cell-free tyrosine decarboxylase enzyme 
for which pyridoxal and ATP are inactive. The “natural” codecarboxylase 
from yeast is interchangeable with the coenzyme synthesized biologically 
or chemically from pyridoxal (6). The formation of coenzyme from pyri- 
doxal by the action of chemical phosphorylating agents, as well as by the 
biological action of ATP, has been interpreted as evidence that the coen- 
zyme is a phosphorylated derivative of pyridoxal. However, in the absence 
of chemical proof of structure and in view of the report of Gale and Epps 
(4) that the coenzyme recovered from yeast lacks phosphorus, this can 
be considered only as a hypothesis based upon these data. Because code- 
carboxylase is defined by its biological activity as the coenzyme of tyrosine 
fand lysine) decarboxylase, this term will at present serve both for the 
materials prepared from pyridoxal and for those recovered from yeast. The 
term does not denote the chemical structure of the coenzyme, which is still 
unknown; yet the preparation of codecarboxylase from pyridoxal does in- 
dicate that it is a derivative of pyridoxal. The biological data provide 
evidence for the similarity of the natural and synthetic coenzymes (6). 

In view of the function of a member of the vitamin Bs group as the co- 
enzyme of tyrosine decarboxylase (3, 6), and the possibility that the tyrosine 
decarboxylase coenzyme recovered by Gale and Epps (4) and shown to 
function as the coenzyme of lysine decarboxylase is also a pyridoxal deriv- 
ative, other amino acid decarboxylases have been studied to determine 
Ahe possible réle of this coenzyme. ‘The data reported in this paper show 
that codecarboxylase also functions on the coenzyme of arginine and glu- 
lamie acid decarboxylases. 
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Methods 


Bacterial cells were grown under conditions which favor the develop. 
ment of amino acid decarboxylases and dried in vacuo to yield cell prepara. 
tions. The decarboxylase enzymes were separated from the cell prepara. 
tions by autolysis and resolved by aging and dialysis to yield apoenzymes, 
Preparations of codecarboxylase from various sources were then studied 
to determine their ability to reactivate the apoenzyme. 

The decarboxylase activity of the cells and cell-free enzymes was meas- 
ured by conventional Warburg methods. Acetate or phthalate buffer 
were used between pH 4 and 5.5. Over this range the COz is released as 
formed, so that the decarboxylase activity can be followed directly. 

The activity of the various enzyme preparations is expressed in terms 
of an enzyme unit for purposes of comparison. 1 unit of decarboxylase is 
defined as that amount of enzyme which will liberate 100 microliters of 
CO, from the amino acid in question in 10 minutes under the conditions 
of the test ; i.e., at the optimum pH for each enzyme. All Warburg experi- 
ments were run at 28°. The enzyme activities are also expressed in Qop, 
(protein), to indicate the purity of the preparations. Protein was deter- 
mined by the biuret. test of Robinson and Hogden (7). 

Two principal sources of coenzyme were used: first, the “natural” 
codecarboxylase isolated from dried brewers’ yeast by the procedure of 
Gale and Epps (4) and purified through “Stage 2;” second, “synthetic” 
codecarboxylase prepared from pyridoxal by treatment with POCI; (6). 
The quantity of coenzyme in both the natural and the synthetic prepara- 
tions was determined by the assay method of Umbreit, Bellamy, arid Gun 
salus (6). This employs tyrosine decarboxylase apoenzyme obtained from 
cells grown in a medium deficient in members of the vitamin Bg group 
(8). Coenzyme activities are expressed in terms of the amount of pyr 
doxal which, in the presence of ATP, will give the same rate of COQ: evolu- 
tion in the assay system; i.e., if 1 ml. of codecarboxylase solution would 
activate the assay system to the same extent as 0.3 y of pyridoxal (plus 
ATP), the codecarboxylase solution would be said to contain 0.3 7 of 
codecarboxylase. The actual weight of the codecarboxylase necessary 
to give this response is unknown and may be somewhat less than 03 17 
in the example above. However, as pyridoxal is the only active material 

available in pure form, activities are related to it. When the codecar 
boxylase is available in pure form and its activity per unit weight is know), 
the actual amount of codecarboxylase in the solutions can be determined 
from the relation to pyridoxal quoted here. 


Arginine Decarboxylase 


Arginine decarboxylase is formed by a number of types of bacteria during 
growth under acid conditions (9). This enzyme acts on arginine to 
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the corresponding amine, agmatine, and carbon dioxide. Gale (10), in a 
review article, has reported the isolation of the enzyme in cell-free state from 
Becherichia coli, but further details are not available. However, from the 
later papers of Gale and Epps (5) and Epps (11) it appears that a number 
of the amino acid decarboxylases are globulins with sufficiently similar 
properties to render their separation difficult. 

The present work involves the recovery of arginine decarboxylase from 
yacuum-dried Escherichia coli cells by the autolysis procedure of Gale and 
Epps (5), followed by purification to yield a water-clear enzyme solution. 
The apoenzyme was sufficiently resolved in these preparations to reveal 
the nature of the coenzyme. 

Culture and Growth Conditions—By a proper selection of strains one may 
obtain a culture of Escherichia coli which possesses only one or perhaps two 
amino acid decarboxylases. For this study the ‘Crookes’ strain (Amer- 
ian Type Culture Collection, No. 8739) was used, because it possesses 
very active arginine and glutamic acid decarboxylases and is almost devoid 
of the lysine and tyrosine systems. Thus, any uncertainty which might 
arise from the presence of the coenzyme for the latter enzymes was mini- 
mized. 

A very active arginine decarboxylase can be obtained by growing the 
Crookes strain of Escherichia coli in a broth composed of 1 per cent each 
of pepticase (Sheffield brand enzyme-hydrolyzed casein), yeast extract, 
and cerelose, and 0.5 per cent K2zHPO,. In addition, the activity can be 
increased still further if 1 to 2 per cent pepticase is added after 12 to 15 
hours incubation and the culture allowed to stand another 4 to 5 hours 
before the cells are harvested. The arginine decarboxylase used in this 
study was obtained from cells which were grown 15 hours at 25° in the 
ibove medium, followed by the aseptic addition of another 1 per cent 
pepticase and 0.5 per cent cerelose and a further 5 hour incubation. The 
wells were then harvested with a Sharples centrifuge, washed once with 
siline, suspended in distilled water, and dried in vacuo over drierite. 

The resulting dried cell preparation decarboxylated several amino 
ttids, as shown in Table I. The cell preparations were kept in the dry 
sate over drierite, and were weighed just before use and suspended in 
sline. As Table I shows, arginine and glutamic acid decarboxylases 
Were present in good yield. The traces of histidine, lysine, and tyrosine 
deearboxylases disappeared completely upon treatment of the dried prep- 
iations to isolate the decarboxylases. 

Enzyme Purification and Resolution—As indicated in Table I, the dried 
ell preparation contained an arginine decarboxylase which was very active 
pH 5.5. The Qco, of 777 is equivalent to 1.3 enzyme units per mg. 
, assuming that the cells contain 50 to 60 per cent protein, a Qoo, (pro- 
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tein) of around 1300. A cell-free enzyme was obtained from this prepara- 
tion by the procedure of Gale and Epps (5). This involved autolysis for 
2 hours at 37° in 0.15 m borate buffer at pH 8.2, followed by centrifugation 
to remove the cell débris. The resulting solution, which was turbid, 
contained approximately 40 per cent of the enzyme present in the cells 
before treatment. This solution had an arginine decarboxylase content 
expressed as Qco, (protein) of 188 (Table Il). The other 60 per cent of 
the enzyme activity was not present in the cell débris, being apparently 
destroyed during the autolysis. If the cell-free extract was allowed to 
stand in the refrigerator for about a week, part of the protein precipitated 
and could be removed by centrifugation. The resulting solution contained 
most of the enzyme, and, as inert protein had been precipitated, showed 
an increase of about 10-fold in the Qco, (protein). Partial resolution of 
the enzyme also occurred during the process. 
TaBLe I 

Amino Acid Decarbozylation by Dried Cell Preparations of Escherichia coli (Crookes) 

The Warburg cups contain, in the side arm, 0.5 ml. of a m/15 solution of the amino 


acid to be studied; in the main compartment, 1 ml. of appropriate buffer (0.2 m ace- 
tate), 1 mg. of preparation, and water to make 2.5ml. Temperature, 28°. 


to 
Amino acid —_ a ete 
pH 5.5 pH 3.8 
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Adsorption procedures were of some value in the purification of the 
enzyme. In small scale experiments, the enzyme was almost completely 
adsorbed by tricalcium phosphate, Decalso, or Super Filtrol at pH 8.2. 
However, in experiments with larger amounts of enzyme only 20 to 30 
per cent was adsorbed. Of this, about 70 per cent was loosely bound and 
could be eluted with distilled water, whereas the remaining 30 per cent was 
eluted only with 10 per cent KCl. Both the supernatant solutions and 
the eluates from Super Filtrol were fractionated further to yield water- 
clear enzyme preparations (Table II). 

The purest arginine decarboxylase so far obtained stili contained the 
glutamic acid decarboxylase in about the same proportion as was present 
in the intact cells. Attempts to remove the glutamic acid enzyme from 
the arginine preparation by adsorption were unsuccessful. Although such 
a separation should be possible, it may prove difficult because of the general 
similarity of the amino acid decarboxylase proteins (Gale and Epps (5)). 
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The arginine decarboxylase possesses a coenzyme which is partially 
removed during isolation and purification of the enzyme. This is readily 
seen from the data in Table II; 7.e., a 2- to 10-fold increase in the rate of 
arginine decarboxylation occurs upon addition of 0.8 y of synthetic code- 
carboxylase to the purified enzyme solutions. Aging the enzyme prepara- 
tions in the refrigerator at 0—5° is an effective method of resolution. The 


TaB_e II 
Cell-Free Arginine Decarboxylase from Escherichia coli (Crookes) 


Per Warburg cup, in the side arm, 0.5 ml. of M/15 arginine, pH 5.5; in the cup, 1.0 
ml. of 0.2 m acetate buffer, pH 5.5, cells or enzyme, and water or other additions to 


25 ml. 





Qcos (protein) 
Character of 





Treatment Recovery 


|Plus 08 y 








extract 
| Alone | coenzyme 
| units | per cent | 

700 mg. dried cell preparation........ 1000 | 100 
ON, a ee ee _ Turbid 363 | 36 , 188 188 
30 units cell-free extract; exposed to 

air, 0°, pH 8, for 24 hrs............. ;} « 33! 110 | 166 | 206 
Same exposed 48 hrs.................. - | 24 80 170* | 212 
9 units cell-free extract; adsorbed 

with Super Filtrol (Supernatant 1)..; 4 | 74) 8&8 149 
50 units Supernatant 1; exposed to air, | 

ID... 025+ cn cesanadie te 52 | 108 | 122 | 165 
Same then held in closed tube 7 days! 

and centrifuged (Supernatant 2)....| Cleart 16 30 | 870 | 1010 
25 units Supernatant 1; held in closed) | 

tube, 0°, 7 days; centrifuged (Super- | 

natant 3) » 16 64 650 § 1270 


364 units cell-free extract; adsorbed 
with Super Filtrol; 108 units ad-| 
sorbed; eluted with distilled water..| Faintly turbid) 78 | 21 | 1600 | 2400 

Eluate stored, 0°, 8 days............. *.: % by ih logt | 78 | 642 





* Pyridoxal, or pyridoxal plus adenosine triphosphate, shows no stimulation. 
t The glutamic decarboxylase is still present, Qco. (protein) 145, with coenzyme, 
206. 


gradual loss of coenzyme in the refrigerator is apparently due to its destruc- 
tion rather than to dissociation. A similar behavior was noted with the 
tyrosine decarboxylase of Streptococcus faecalis (6). 

The nature of the coenzyme is also evident from these data. The co- 
enzyme used for stimulation of the partially resolved enzyme (Table II) 
was synthetic codecarboxylase obtained by treating pyridoxal with POC}; 
by various modifications of Zeile and Fawaz’s procedure (12) for the syn- 
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thesis of phosphocreatine. ‘The same preparation was not used throughout, 
but in each case the codecarboxylase content of the material was deter- 
mined with the tyrosine assay system (6). 

Thus synthetic codecarboxylase prepared from pyridoxal and shown 
to act as the coenzyme of tyrosine decarboxylase also functions as the 
coenzyme of arginine decarboxylase. 

The cell-free tyrosine decarboxylase will convert pyridoxal to the coen- 
zyme if ATP is also supplied (6); thus, one would expect that the necessary 
auxiliary enzymes for this conversion might also be present in the cell- 
free extracts of Escherichia coli. However, this is not the case, for the 
addition of pyridoxal (with or without ATP) did not result in increased 
arginine decarboxylation (see foot-note, Table I1). 

The “natural” codecarboxylase preparations from dried brewers’ yeast, 
purified through Stage 2 of the procedure of Gale and Epps (4), stimulated 
the partially resolved arginine decarboxylase as well as did the 
“synthetic” codecarboxylase. Inasmuch as codecarboxylase from two 
entirely independent sources will activate the arginine decarboxylase, 
it is concluded that the coenzyme for arginine decarboxylase is the same 
as that for the tyrosine and lysine decarboxylases. 

A third line of evidence of the nature of the coenzyme of the arginine 
decarboxylase is also available. That is, the partially purified enzyme 
solutions were heated to destroy the enzyme, and the coenzyme was 
extracted and tested for its ability to activate the tyrosine system in the 
assay procedure for codecarboxylase (6). Assay of the two water-clear 
arginine preparations (Table Il) showed 0.96 y of codecarboxylase per 
unit of enzyme present in the first sample and 1.1 y per unit in the second; 
thus the codecarboxylase content, as estimated by tyrosine decarboxy- 
lation, is approximately proportional to the arginine decarboxylating 
activity. 

Dialysis was used in an attempt to resolve the enzyme but was ineffective, 
as was the case with the lysine and tyrosine systems. Prolonged dialysis 
coupled with aging will effect some separation. For example, dialysis 
for 48 hours against 500 volumes of 0.001 m acetate at pH 5.5 resulted in 
a preparation with a Qco, (protein) of 400 which was stimulated by code- 
carboxylase to Qco, 810 (i.e., about 50 per cent resolution). The enzyme 
is irreversibly inactivated by dialysis at pH 8. 

Glutamic Acid Decarboxylase 

As noted previously, this enzyme was associated with the arginine decar- 
boxylase and can be obtained in a water-clear cell-free state (cf. Table II). 
Also the glutamic acid decarboxylase can be resolved into the apoenzyme 
which is stimulated by the synthetic coenzyme active for tyrosine, lysine, 
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or arginine decarboxylase. There is, therefore, presumptive evidence that 
pyridoxal in the form of codecarboxylase also functions as the coenzyme 
of glutamic acid decarboxylase. 

The glutamic acid decarboxylase, which is widely distributed in micro- 
organisms (9), liberates 1 mole of CO: from glutamic acid to yield y-amino- 
butyric acid. The optimum pH for activity of the enzyme with intact 
cells is pH 4 (9), but the cell-free enzyme has an optimum closer to pH 
5. The “Crookes”’ strain of Escherichia coli contained a very active glu- 
tamic acid decarboxylase (Table I) but as the arginine enzyme was present 
in even greater concentration another strain was sought as a source of 
this enzyme free of the other decarboxylases. The American Type Culture 
Collection strain 4157 was found to lack the arginine enzyme and to contain 
only the lysine enzyme, among those tested, in addition to the glutamic 
acid decarboxylase. Strain 4157 is listed as National Collection of Type 
Cultures (London) No. 86. The latter is one of the strains employed by 
Gale (9) and found to contain a number of decarboxylases, but to lack the 
glutamic system. An explanation for.this difference is not available; it 
is possible that strains have been mixed in stock collections. 

The glutamic enzyme was obtained in fair activity by growing the 
culture as follows: 10 liters of a medium composed of 1 per cent pepticase, 
0.1 per cent yeast extract, 0.25 per cent KezHPO,, and 1 per cent cerelose 
were inoculated with 40 ml. of an 8 hour culture of Escherichia coli, strain 
4157, and incubated at 25°. After 15 hours maximum growth was obtained 
and the pH had fallen to 4.7; the culture at this stage possessed the glu- 
tamic acid and the lysine decarboxylases with Qco, of 53 and 120 respec- 
tively. The culture was allowed to incubate an additional 24 hours, and 
the cells harvested by Sharples centrifuge, washed with saline, suspended in 
distilled water, and dried over drierite. The resulting dried cell preparation 
possessed only the glutamic acid decarboxylase; the activity for lysine 
was apparently destroyed during the drying process. When tested at 
pH 5.0, the Qco, (glutamic) was 43.5, while the decarboxylases for tyrosine, 
lysine, arginine, and histidine were completely lacking. 

The cell-free glutamic acid decarboxylase was obtained from these 
cells by the autolysis procedure of Gale and Epps (5). In this case 500 
mg. of dry preparation were incubated 2 hours at 37°, in 0.02 m phosphate 
buffer of pH 7.0, and the cell débris removed by centrifugation. The 
resulting cell-free extract was turbid, but contained a reasonably active 
glutamic acid decarboxylase (Table III). Considerable loss of the enzyme 
occurred during the extraction procedure, and further loss resulted from 
the process of resolution. In this case, dialysis was reasonably effective in 
the removal of the coenzyme, as shown in Table ITI. 

Those preparations from which part of the coenzyme had been removed 
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by dialysis, or by aging, could be reactivated by the “natural” coenzyme 
or, when tested, by the “synthetic’’ coenzyme, Table III. Pyridoxal, 
plus ATP, also restored the activity of the enzyme preparations. There- 
fore, the enzymes necessary for the conversion of the pyridoxal into co- 
enzyme are present, as was the case with the tyrosine preparations (6). 
Thus the coenzyme of glutamic acid decarboxylase is also a pyridoxal 
derivative. If the natural and synthetic codecarboxylases are similar, 
as is indicated by their equivalence in the tyrosine (6), arginine, and glu- 
tamic acid decarboxylase systems, one may conclude that the ‘‘natural” 
codecarboxylase is also a pyridoxal derivative and thus that the coenzyme 


Tase III 
Cell-Free Glutamic Acid Decarborylase from Escherichia coli (Strain 4157) 
Per Warburg cup, in the side arm, 0.5 ml. of m/15 glutamic acid, pH 5.0; in the cup, 
1.0 ml. of 0.07 m phthalate, pH 5.0, cells or enzyme, and other additions to 2.5 ml. 


| Qcoe (protein) 




















Cell-free extract................ 
46 units cell-free extract; in- 


| Plus 67 
Treatment Chemtrsct | Recovery | tee |Piuso.5} Ppa 
one coen- : 
| | | ame | adenosine 
2 | phate 
‘ion 1 Reserlg i ain | 
| | uniis = | 
500 mg. dried cell preparation. ..| \360 100 | 
| Turbid | 46 | 13| 87 | 96 | 110f 


cubated 8 days, 0°, pH 7.0, cen-' 








} | 
trifuged (Supernatant 1)...... | Almost clear 5 | 11{ 210 | 295 | 
43 units cell-free extract; dia- | 
lyzed 24 hrs., 0°, pH 4.5......| Faintly turbid) 2. 4 5 | 52 | 110 | 123 
43 units cell-free extract; dia- | >| 
lyzed, 0°, pH 2............... Lt 5.2) 12| 163 L 260 | 302 








* Natural coenzyme from yeast (Gale and Epps); see ‘‘Methods.’ 
t Synthetic coenzyme, 0.8 y. 


of lysine decarboxylase is a member of the vitamin Bs group. In view of 
these data it seems probable that one of the functions of the vitamin By 
group is to act as the general coenzyme of amino acid decarboxylases. 


SUMMARY 


Arginine decarboxylase and glutamic acid decarboxylase have been 
isolated in cell-free state from dried preparations of Escherichia coli, and 
each has been shown to require a coenzyme for activity. 

Both enzymes require the codecarboxylase which has previously been 
identified as the coenzyme of the lysine and tyrosine decarboxylases. 
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The synthetic codecarboxylase prepared from pyridoxal has been shown 


to be active with each enzyme. 


From the fact that codecarboxylase has been shown to function as the 


coenzyme of four amino acid decarboxylases, and synthetic codecarboxylase 
prepared from pyridoxal has been shown to function in three of these, 


it 


is suggested that one of the functions of the vitamin Bs group is as the 


general coenzyme of amino acid decarboxylases. 
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THE ENZYMATIC SYNTHESIS OF PHOSPHOPYRUVATE 
FROM PYRUVATE 


By HENRY A. LARDY* anp JOHN A, ZIEGLERf 


(From the Departments of Chemistry and Pathological Chemistry, Banting Institute, 
University of Toronto, Toronto, Canada) 


(Received for publication, March 22, 1945) 


In the pathway of glycogen synthesis from pyruvate and lactate, one 
of the steps in the concatenated reactions known as the Embden-Meyerhof 
scheme which has remained obscure is the mechanism of phosphopyruvate 
“resynthesis.’”’ This problem has been the subject of much speculation 
and some investigation. Since Meyerhof, Ohlmeyer, Gentner, and Maier- 
leibnitz (1) reported the reaction, 


(1) Phosphopyruvate + ADP — pyruvate + ATP 


to be irreversible, a number of alternate pathways have been proposed 
for the conversion of pyruvate, lactate, and other carbohydrate fragments 
to phosphopyruvate. 

In accordance with Kalckar’s demonstration of phosphopyruvate (here- 
after ~phPy)! synthesis during the oxidation of fumarate by kidney ex- 
tracts (3), it was suggested that this enol phosphate arose by a phosphoryla- 
tion directly coupled with the oxidation of fumarate (Lipmann (2)). The 
finding that about one-sixth of the newly deposited glycogen, following 
lactate, pyruvate, or glucose feeding to rats, originated from tissue bicar- 
bonate led Solomon, Vennesland, Klemperer, Buchanan, and Hastings (4) 
to postulate that the formation of a 4-carbon compound as a precursor of 
~phPy is a logical step in glycogen synthesis from pyruvate. Ferdman 
and Epstein (5) reported ~phPy synthesis during the oxidation of lactate 
by cat muscle. In view of the fact that their medium contained bicar- 
bonate, it is possible that oxalacetate may have been formed and that 
subsequent phosphorylation of the 4-carbon acid could have led to ~phPy 
formation. 

Leloir and Mujioz (6) found liver preparations to produce ~phPy during 
the oxidation of succinate, fumarate, and citrate but not of lactate and 
pyruvate. Other data presented by these workers have been previously 
interpreted (7) as indicating that ~phPy may not have arisen by direct 
phosphorylation of a 4-carbon compound. 


* National Research Council (Washington) Fellow in Chemistry 1944-45. 

t Aided by a grant from the National Research Council of Canada. 

‘Other abbreviations used in this paper are ATP for adenosine triphosphate, 
ADP for adenosine diphosphate, ~ph for high energy phosphate (2), ~phCr for 
phosphocreatine. 
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In a previous attempt to demonstrate the formation of phosphoenoloxal- 
acetate it was found that addition of oxalacetate, or pyruvate plus biecar. 
bonate, to aged rat muscle extracts resulted in a loss of ATP and an in- 
crease in inorganic phosphate but no accumulation of enol phosphate could 
be detected (8). 

The experiment on which the Heidelberg workers (1) based their con- 
clusions regarding the irreversibility of Reaction 1 was designed to deteet 
any exchange of ~ph between ATP and ~phPy and did not depend on 
an accumulation of ~phPy produced from pyruvate and ATP. The group 


potential of the enol phosphate has been calculated by Lipmann ((2) p. 110), 


from thermal data, to be approximately 11,250 calories, or of the same 


magnitude as that of the two terminal phosphates of ATP. From a thermo- 


dynamic point of view, therefore, it seems that, in the steady state, phos- 
phate exchange should occur between ATP and ~phPy. Meyerhof ap- 
parently recognized this, for, in discussing the experiment from which 
it was concluded that Reaction 1 is irreversible, he stated in 1941 (9), “But 
we must concede that the experimental basis for this negative result is not 
too large and therefore accept it with some reservation until it is more 
firmly established.”’ 

The discovery, by Boyer et al. (10, i1), that K* is necessary for the 
transfer of ~ph from ~phPy to the adenylic system bears strongly on 
the validity of that conclusion, for the Heidelberg workers employed an 
enzyme extract which has been dialyzed for 12 hours and the protocol of 
their experiment does not indicate the addition of any potassium salt. 
The reaction has therefore been investigated with radioactive phosphorus, 
and the relation of various cations to the reversal of Reaction 1 and to the 
oxidative phosphorylation of d-glyceraldehyde 3-phosphate has _ been 


studied. 
Methods 


All experiments reported in this paper were made with a dialyzed extract 
of acetone-precipitated rat muscle extract prepared as described elsewhere 
(11). dl-Glyceraldehyde 3-phosphate (Fischer-Baer ester) was synthesized 
according to the new procedure of Baer and Fischer (12); the other sub 
strates were as previously described (10, 11).2 All acids were neutralized 
with sodium hydroxide and the final pH of the reaction mixtures was always 
7.4. No bicarbonate was added in any of the experiments. 

The enzyme reaction mixtures were deproteinized with trichloroaceti¢ 
acid and immediately placed in an ice-salt bath. Inorganic phosphate 

2 The cozymase used in these experiments was kindly supplied by Dr. D. F. Greet 


of Merck and Company, Inc., Rahway, New Jersey, the desoxycorticosterone acetate 
by Dr. Erwin Schwenk of the Schering Corporation, Bloomfield, New Jersey. 
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» was separated from the filtrate as MgNH,PO,-6H:O by treatment with 


magnesia mixture (13). ~phPy was then hydrolyzed by the alkaline 
iodine procedure of Lohmann and Meyerhof (14). 

Following removal of the excess iodine under acid conditions the inor- 
ganic phosphate liberated was either separated for determination of radio- 
activity by treatment with magnesia mixture or, in other experiments, was 
determined quantitatively after removal of the iodoform. The labile 
phosphate groups of adenosine polyphosphates were hydrolyzed by 1 n HCl 

7 minutes at 100° and the inorganic phosphate was separated with 
magnesia mixture. The inorganic phosphate fractions were analyzed 
by a micro modification of the Fiske and Subbarow method (15) adapted 
to a photoelectric colorimeter. 

The radioactivity of aliquots of the phosphate fractions was determined 
with a Lauritsen electroscope.* The activity, measured as net rate of 
deflection, is expressed as divisions of deflection per minute per mg. of 
phosphorus. 

~phCr was determined in the fraction of the filtrate soluble in 2 per 
cent CaCl, at pH 8.2 (16). The alkali lability of triose phosphate (17) 
interferes with the accurate determination of both ~phCr and ~phPy and 
therefore the ester is converted to inorganic phosphate before proceeding 
with the fractionations. This was accomplished by making the filtrates 
containing triose phosphate 1 x with NaOH and holding for 30 minutes 
at room temperature. 


Results 


Preliminary experiments with an undialyzed extract of muscle acetone 
powder demonstrated that inorganic phosphate containing P® was in- 
corporated into the labile phosphate of ATP during the oxidation of d-gly- 
ceraldehyde 3-phosphate and that this labeled ~ph was in turn introduced 
into ~phPy. Since K* is necessary to catalyze Reaction 1 (10, 11) and 
in view of the fact that the Heidelberg workers used a dialyzed enzyme 
and added no potassium salts to their reaction mixture, it seemed reason- 
able that the distribution of ~ph between ATP and ~phPy was contingent 
on the presence of K*. The results of experiments testing this possibility 
are shown in Table I. The ~phPy in these experiments was produced 
tazymatically (18) by incubating the phosphoglycerate and enzyme for 10 
minutes at 25°, followed by 10 minutes at 37° before the addition of fluoride. 
Experimental incubation time was measured from the addition of ATP 
to deproteinization. 

The traces of radioactivity appearing in the ~phPy fraction at zero 

*We are indebted to Mr. D. Scott of the Banting and Best Department of Medical 
Research for the radioactivity measurements. 
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time are the result of incomplete precipitation of inorganic phosphate by 
the first treatment with magnesia mixture. In five other zero time samples 
the degree of contamination of the ~phPy fraction never exceeded that 
obtained in Experiments A and B. The decrease in activity of the in- 
organic fraction during incubation is the result of P® transfer to other frae- 
tions and of the increase in inorganic phosphate due to spontaneous de- 
composition of 1,3-diphosphoglycerate (19, 20). 

The equilibrium between ~phPy and ATP, which in these experiments 
was followed by the distribution of P®, can be seen to be hastened by the 


TaBLe I 
Exchange of High Energy Phosphate between Phosphopyruvate and Adenosine 
* Triphosphate 

At the time of fluoride addition each tube contained the following (expressed in 
micromoles): phosphoglycerate 80, phosphopyruvate 20, lactate 100, MgCl, 20, 
MnSO, 8, cozymase 0.3, inorganic phosphate (containing P™) 33, and 1.6 ml. of en- 
zyme solution. After the addition of 200 micromoles of NaF, 3.2 micromoles of 
adenosine triphosphate were added, giving a final volume of 4 ml. Incubated 15 
minutes at 37°. 








P#? content of phosphate fractions expressed in divisions 
| per min. per mg. P 











Experiment | KCl added 
| Inorganic | a oe Phosphopyruvate 
micromoles | | 
| j 
Zero time | 200 62 0.0 1.3 
A None 46 15 5.7 
200 42 15 8.6 
Zero time None 63 1.0 1.4 
B | “ | 53 15 bol 
| 200 | 7 4 bs te 


200* 49 | 13 | 8.4 








* 2 mg. of desoxycorticosterone acetate were added. 
addition of K+. The incorporation of P® into the various fractions is 
the result of the following equilibrium reactions. 


(2) d-Glyceraldehyde 3-phosphate + inorganic phosphate + cozymase = 
1,3-diphosphoglycerate + reduced cozymase 


(3) Reduced cozymase + pyruvate — cozymase + lactate 

(4) 1,3-Diphosphoglycerate + ADP = 3-phosphoglycerate + ATP 
Kr 

(5) Pyruvate + ATP ( re phosphopyruvate + ADP 


Phosphate exchange between ~phPy and ATP occurred to an appre 
able extent even without added potassium but, as shown in Table II, the 


Saft of 


SS: 


ino 
at | 


volu 
com} 
MgC 
at 37 








ao GS ™ 


H. A. LARDY AND J. A. ZIEGLER 347 


enzyme was only partially depleted of K* by the 48 hour dialysis. The 
enzyme solution must have retained sufficient quantities of K+ to catalyze 
the transfer of phosphate from ~phPy to ADP but at a rate not greater 
than three-sevenths that obtained with added potassium. 

K+, Mg**, and Mn** in Relation to Phosphorylations Coupled with Oxida- 
tion of d-Glyceraldehyde 3-Phosphate—From the above results it appeared 
that the incorporation of inorganic phosphate into ATP (through the 


Tasie II 
Exient of Dialysis of Enzyme and Proof of Fluoride Inhibition 
Each tube contained the following additions (expressed in micromoles) in a final 
yolume of 1 ml.: phosphoglycerate 10, creatine 50, adenosine triphosphate 0.16, 
inorganic phosphate 100, and 0.5 ml. of enzyme solution. Incubated 10 minutes 
at 37°. 


























Other additions Phospl tine 
synthesized 
MgCh KCl NaF 
micromoles micromoles micromoles micromoles 
100 0.1 
5 1.2 
5 100 2.8 
5 100 50 0.1 
TaBLe III 


Phosphorylation of Creatine during Oxidation of Fischer-Baer Ester 


Each tube contained the following additions (expressed in micromoles) in a final 
volume of 2 ml.: inorganic phosphate 100, dl-glyceraldehyde 3-phosphate 30 (of d 
component), cozymase 0.15, pyruvate 200, creatine 80, adenosine triphosphate 0.16, 
MgCl, 20, MnSO,3, NaF 120, and 0.7 ml. of enzyme solution. Incubated 20 minutes 
at 37°. 








KCl added Phosphocreatine synthesized 
micromoles micromoles 
None 8.3 
200 7.4 





oxidation of glyceraldehyde phosphate) was influenced less by potassium 
than the equilibrium between ~phPy and ATP. The effect of K+, Mg**, 
and Mn*+ on the oxidative phosphorylation was therefore investigated. 
The results in Table III show that added K+ was not required for Reactions 
2,3,and 4. It was shown by Boyer e¢ al. (10) that K* is not required for 
the phosphorylation of creatine by ATP; since Mg** is required for the 
latter phosphorylation (21), its requirement for Reactions 2, 3, and 4 could 
not be tested by the system shown in Table III. 
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In experiments with adenylic acid as ~ph acceptor, it was found (Table 
IV) that Mg*+ or Mn*~ additions were also unnecessary for the oxidation 
of glyceraldehyde phosphate and the transfer of ~ph from 1 ,3-diphospho- 
glycerate to the adenylic system. The addition of traces of ATP was 
not required to initiate the phosphorylation of adenylic acid. In the phos- 


TaBLe IV 
Fixation of Inorganic Phosphate during Oxidation of Fischer-Baer Ester and Transfer 
of Phosphate to Adenylic Acid 

Each tube contained the following additions (expressed in micromoles) in a final 
volume of 2 ml.: inorganic phosphate 20, di-glyceraldehyde 3-phosphate 20 (of d 
component), cozymase 0.15, pyruvate 200, adenylic acid 10 (capable of accepting 2 
micromoles of high energy phosphate), NaF 100, and 0.7 ml. of enzyme solution, 
Incubated 8 minutes at 37°. 


Other additions . 
Inorganic phosphate 





— — — . taken up 
MgCl MnSO. Adenosine triphosphate 
micromoles micromoles micromole micromoles 
0.16 4.0 
10 0.16 $.1 
10 0.16 5.4 
10 10 0.16 4.0 
10 10 4.0 
TABLE V 


Synthesis of Phosphopyruvate during Oxidation of Fischer-Baer Ester 
Each tube contained the following additions (expressed in micromoles) in a final 
volume of 2.25 ml.: inorganic phosphate 150, pyruvate 300, dl-glyceraldehyde 3-phos- 
phate 20 (of d component), cozymase 0.15, hexose diphosphate 20, NaF 120, adenosine 
triphosphate 0.4, MgCl, 20, MnSO, 10, and 0.63 ml. of enzyme solution. Incubated 
at 37°. 


Phosphopyruvate 


Experiment Time of incubation KCl added synthesized 
min micromoles micromole 
A 20 None 0.00 
200 0.58 
B 12 None 0.06 
200 0.52 


phorylation of creatine by ~phPy, adenylic acid is not nearly as effective 
a ~ph carrier as the higher phosphorylated adenylic compounds (21, 1) 
but where there is an accumulation of ~ph in the adenylic system, as it 
Table IV or in the phosphorylation of adenylic acid by ~phPy (other 
experiments), additions of ADP or ATP do not accelerate the process. 
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Synthesis of Phosphopyruvate—Since Reaction 5 was shown in the above 
experiments with P® to be reversible, the synthesis of ~phPy from py- 
ruvate should occur when the supply of ~ph is continually being renewed 
by another reaction. As shown in Table V, ~phPy was synthesized from 
pyruvate when the ~ph was produced by oxidation of glyceraldehyde 3- 
phosphate, but only when K* was added. The ~phPy values for each 
sample are corrected for traces of inorganic phosphate remaining after the 
treatment with magnesia mixture. Although the amounts of ~phPy 
synthesized are small, they are far greater than the limit of accuracy of 
the analytical methods (0.05 micromole) and it must be remembered that 
the 3-phosphoglycerate produced also competes with pyruvate for the 
~ph. The 1,3-diphosphoglycerate produced in the competitive reaction 
spontaneously decomposes (19, 20) to give inorganic phosphate and 3- 
phosphoglycerate which may again accept ~ph. Hexose diphosphate was 
added in these experiments to prevent removal of d-glyceraldehyde 3- 
phosphate* by the isomerase-aldolase equilibrium. 

The concentration of NaF in these experiments is far greater than that 
required completely to inhibit enolase (23) (see also Table II). Further 
evidence that the ~phPy produced did not come from phosphoglycerate 
is the fact that ~phPy appeared only when K* was added. 


DISCUSSION 


It has been experimentally demonstrated by the distribution of P® and 
by direct synthesis that pyruvate may be enzymatically phosphorylated 
by ATP in the presence of K* and Mg** to produce ~phPy. The impli- 
cations of this finding for the mechanism of glycogen synthesis are evident. 
It is no longer necessary to postulate the occurrence of a 4-carbon inter- 
mediate in the synthesis of ~phPy from pyruvate. It is a thermodynamic 
fact that a pathway of ~phPy synthesis from pyruvate through a 4-carbon 
intermediate, regardless of its mechanism, can be energetically no more 
economical than the direct synthesis by Reaction 5. In the intact or- 
ganism the continually applied “potential” of ~ph produced by the oxida- 
tion of carbohydrate (see (2) and (24)) or fat (25) can supply the energy 
for the synthesis of hexoses from pyruvate. The finding of Buchanan, 


Hastings, and Nesbett (26) that high concentrations of K+ were necessary 


to obtain glycogen formation from pyruvate in liver slices can be explained, 
at least in part, by the necessity of K* for Reaction 5. 


‘Only the d component of the Fischer-Baer ester condenses in the presence of rat 
muscle isomerase and aldolase at low temperature to produce hexose diphosphate 
(H. A. L., unpublished data). J-Glyceraldehyde 3-phosphate differs from the free 
Lglyceraldehyde in that the latter can condense with dihydroxyacetone phosphate to 
form J-sorbose 1-phosphate (22). 
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The present findings do not rule out the possibility of ~phPy formation, 
by direct oxidative phosphorylation of a 4-carbon dicarboxylic acid, but 
they do eliminate such a 4-carbon compound as an obligatory intermediate 
in the conversion of pyruvate to ~phPy. 

The mechanism by which bicarbonate is incorporated into glycogen 
will probably be disclosed by further studies on the reversibility of pyruvate 
decarboxylation (27, 28) and on the extent to which the enol group of 
oxalacetate can shift between carbon atoms 2 and 3 (29, 30). 


SUMMARY 


It has been demonstrated by two separate enzymatic techniques that 
the reaction 


Pyruvate + ATP = phosphopyruvate + ADP 


is reversible. 

P® incorporated into ATP during the oxidation of glyceraldehyde 3-phos- 
phate was in equilibrium with that in phosphopyruvate. 

Pyruvate was enzymatically phosphorylated when high energy phosphate 
was continually supplied by the oxidation of glyceraldehyde 3-phosphate. 
The importance of K* for the synthesis of phosphopyruvate from pyruvate 
was demonstrated. 

K+ and Mg** or Mn** are needed in much lower concentrations (if at all) 
for the oxidation of glyceraldehyde 3-phosphate and the transfer of high 
energy phosphate to the adenylic system than for the transfer from phos- 
phoglycerate through phosphopyruvate to adenylate. 


I am indebted to Professors Hermann O. L. Fischer and Andrew Hunter, 
in whose laboratories these experiments were conducted, for kindly furnish- 
ing supplies and equipment, and to Professor Erich Baer who introduced to 
me the synthesis of dl-glyceraldehyde 3-phosphate. (H. A. L.) 
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ISOLATION AND PROPERTIES OF THE ANTERIOR 
HYPOPHYSEAL GROWTH HORMONE* 


By CHOH HAO LI, HERBERT M. EVANS, ann MIRIAM E. SIMPSON 
(From the Institute of Experimental Biology, University of California, Berkeley) 


(Received for publication, March 22, 1945) 


During the last decade the question has been raised (1, 2) as to the 
existence of the anterior hypophyseal growth hormone. One of us (3) 
has answered this contention elsewhere but it should be conceded that 
final proof for the growth hormone as a separate entity can only be obtained 
by the isolation of the hormone freed from other active components as 
well as from inert proteins. In this paper we will describe a method, 
briefly reported earlier (4), for isolating a protein from the anterior lobe of 
ox pituitary, which can be shown to have the biological characteristics of 
the growth hormone. 

Method of Assay 


For the routine assay of growth hormone preparations hypophysecto- 
mized female rats, 26 to 28 days of age at the time of the operation and 
10 to 14 days postoperative, were used. The body growth of these animals 
after nine intraperitoneal injections in 10 days was taken as the estimation 
of the growth-promoting activity of a preparation (5, 6). 


Method of Isolation 


The extraction of growth hormone from fresh anterior pituitary sub- 
stance or acetone-dried glands is generally carried out in alkaline solutions 
(7-10). The methods published from this laboratory in recent years 
involve a treatment with cysteine (9) which destroys lactogenic, thyro- 
tropic, and gonadotropic activities but not growth potency; while bio- 
logical purification was achieved by this method, chemical purification 
was not obtained. The method herein described for the isolation of 
growth hormone does not include the cysteine step but involves salt frac- 
tionation and isoelectric precipitation. 

1. Acetone-Dried Powder—The dissected anterior lobes of ox pituitaries 
are ground and dried with chilled acetone (—10°). From 1 kilo of anterior 
lobes of beef pituitaries the yield of dried powder is approximately 250 gm. 
This material can be stored indefinitely without loss of growth potency if 
it is completely dried. 

2. Calcium Hydroxide Extract—The acetone-dried powder (400 gm.) is 

* Aided by grants from the Rockefeller Foundation, New York; the Josiah Macy, 
Jr., Foundation, New York; and the National Research Council Committee on Re- 
search in Endocrinology. 3 
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extracted with 12 liters of Ca(OH): solution of about pH 11.5 for 24 hours; 
the pH is then lowered to 8.7 by adding CO, gas. The insoluble material, 
which should settle easily within 24 or 48 hours, is removed by centrifuga- 
tion. This step, as are all other steps, is carried out at 2-3°. 

8. Globulin Fraction—The Ca(OH): extract is brought to 2.0 m by the 
addition of solid (NH,)2SO,;. The resulting precipitate is suspended in 
4 liters of water and the solution is brought to 0.6 Mm with (NH,4)2SO,. The 
precipitate is centrifuged and discarded. The supernatant is next precip- 
itated again with 2.0 m (NH,)2SO,. The precipitate formed is dissolved 
in | liter of water and dialyzed until salt-free. The pH of the thoroughly 
dialyzed material should be 6.5 to 7.0. If this pH range is not achieved, 
a few drops of 1 m HCl or NaOH may be added. The insoluble material 
in the dialysis sac contains most of the growth-stimulating protein and is 
called the “globulin fraction.” 

4. NaCl Fractionation—The globulin fraction is dissolved in 600 ce. of 
solution by the addition of 1.0 m HCl until the pH becomes 4.0. To this 
solution a saturated NaCl solution is added to a salt concentration of 
0.10 m. The precipitate formed is devoid of growth activity and is there- 
fore discarded. The supernatant is brought to 5.0m with solid NaCl. The 
5.0 m NaCl precipitate is redissolved in 300 cc. of solution of pH 4.0 and 
the NaCl fractionation is repeated twice. 

5. pH and (NH,)2SO, Fractionation—-The final 5.0 m NaCl precipitate 
is dissolved in 200 cc. of water and dialyzed until salt-free. The dialyzed 
solution is adjusted to pH 5.7 to 5.8 and the precipitate formed is centri- 
fuged off. The supernatant is then made alkaline and adjusted to pH 
8.7 to 8.8, the precipitate again being removed by centrifugation. The 
clear fluid is then next brought to 1.65 m with (NH,4).SO,; at pH 7.0. The 
(NH,)2SO, precipitate is dissolved in 150 ce. of water and dialyzed. The 
change in pH and the (NH,).SO, fractionation are repeated twice. 

6. Isoelectric Precipitation—The dialyzed solution of the final 1.65 m 
(NH,).SO, precipitate is precipitated at pH 5.7 to 5.8 and pH 8.7 to 88 
as above and finally at pH 6.8 to 6.9 in the absence of (NH,)2SO,. This 
isoelectric precipitation is repeated twice. The final precipitate at pH 
6.8 to 6.9 is the growth hormone. 

Table I presents the averaged protein yields of nitrogen in each step from 
twenty-five experiments. It may be noted that approximately 0.040 gm. 
of the growth hormone was isolated from 1 kilo of ox anterior pituitary 


substance. 
Biological Potency 
When growth hormone preparations obtained by the above procedure are 


assayed in hypophysectomized female rats (intraperitoneal injections, 4 
days), a total dose of 5 mg. gives no histological evidence of the presence of 
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adrenocorticotropic, thyrotropic, or gonadotropic hormonal contamina- 
tions. In addition, when a total dose of 10 mg. was injected subcutaneously 
into month-old squabs (4 days), the absence of crop sac response indicates 
the absence of the lactogenic hormone. 


TABLE I 


Yield of Protein Nitrogen in Isolation Procedure with 400 Gm. of Acetone-Dried Ox 
Anterior Pituitary As Starting Material 


Isolation step No. 


see the text Fraction Yield of protein N 
mex. 
2 Ca(OH). extract 7000 
3 and 4 Solution at pH 4.0 of “globulin fraction”’ 1300 
4 First 0.10 m NaCl-soluble material 500 
5 Dialyzed material of final 1.65 mw (NH,)2SO, 120 
ppt. 
6 Final isoelectric ppt. (growth hormone) 12 
TaBLe II 
Biological Potency of Growth Hormone in Hypophysectomized Rats 
Daily dose No. of rats Average growth in 10 days 
- my gm. 
0.10 36 19.2 
0.05 21 18.3 
0.02 11 11.0 
0.01 18 10.0 
Tas_e III 
tssay of Growth Hormone on Proximal Epiphyseal Cartilage of Tibia 
Width of uncalcified cartilage 
Daily dose No. of rats . 
Mean Difference from control 
me » a 
0.05 6 344 189 
0.03 Ss 296 141 
0.01 8 220 65 
0.00 7 155 0 


The growth activity of a typical preparation, as estimated by the body 
weight increments produced in hypophysectomized female rats, is given 
in Table II. It may be noted that a 0.010 mg. daily dose (nine injections) 
causes a 10 gm. increase in body weight in 10 days. The biological activity 
of the growth hormone preparation is also standardized by its action on the 
epiphyseal cartilage of hypophysectomized female rats (11). The results 
are summarized in Table III; it is evident that a 0.010 mg. daily dose for 
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t days is sufficient to increase the width of the uncalcified portion of the 
proximal epiphyseal cartilage of the tibia 50 per cent over that of the 
control. 


Homogeneity Studies 


Electrophoresis— Electrophoretic studies were conducted in a ‘Tiselius 
(12) apparatus with the scanning method of Longsworth (13). The frae- 
tion obtained from each step in the purification was examined carefully as 
to its electrophoretic homogeneity. The increase of growth potency, the 
removal of biologically active contaminants, and the decrease in the 
number of boundaries in electrophoresis were correlated so as to evaluate the 
usefulness of each purification step. In this way, one can ascertain the 
component in the electrophoresis patterns which represents the growth 
hormone. For instance, the material secured from step (5) possessed one 


we 


(a) (b) 
Fic. 1. Electrophoresis patterns of (a) a growth hormone fraction before isoelee- 
tric precipitation and (b) the same fraction after the isoelectric precipitation in 
acetate buffer of pH 4.0 and an ionic strength of 0.10; potential gradient about 6 


volts per em.; 120 minutes electrolysis. 


main component together with two other components in smaller concen- 
tration, when subjected to electrophoretic examination in an acetate buffer 
of pH 4.0 and 0.10 ionic strength (see Fig. 1, a). After isoelectric precipi- 
tation of this same fraction, the final product retained only the main com- 
ponent without loss of growth potency (see Fig. 1, b). 

The electrophoretic examination of the final product reveals no indication 
of the presence of other components. Fig. 2 gives some typical electro- 
phoretic patterns of the ascending boundary when the electrophoresis 
proceeds in acetate buffer of pH 4.95 and an ionic strength of 0.10 at 1.5° 
for 540 minutes, while Fig. 3 is obtained in barbiturate buffer of pH 9.60 and 
an ionic strength of 0.10 after the current is on for 360 minutes. 

When a | per cent growth hormone solution was electrolyzed in acetate 
buffer of pH 4.0 at a potential gradient of about 6 volts per em. for 120 
minutes, separate recovery was made of the solution in the anode limb, in 
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the cathode limb, and in the middle portion of the electrophoresis cell. 
After the nitrogen content was determined by micro-Kjeldahl analysis, 





Fic. 2. Electrophoresis patterns of the ascending boundary of a growth hormone 
preparation in acetate buffer of pH 4.95 and an ionic strength of 0.10. Electrolysis 
for (a) 1SO minutes, (6) 240 minutes, and (c) 540 minutes at a potential gradient of 2.5 
volts per em. 





— 


Fic. 3. Electrophoresis patterns of the ascending boundary of a growth hormone 
preparation in barbiturate buffer of pH 9.60 and an ionic strength of 0.10 for 360 
minutes 4: a potential gradient of 2.6 volts per em. 


the fractions were assayed in hypophysectomized female rats for growth 
activity. It will be observed in Table IV that there was no significant 
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difference in the growth potency of these fractions. If the protein were 
not the hormone, a marked decrease or increase of growth activity should 
be obtained in one of the fractions. 

Diffusion—The value of the sintered glass disk technique to indicate 
homogeneity of biologically active proteins has been emphasized by North- 
rop and Anson (14) and others. A 0.5 per cent growth hormone solution 
(acetate buffer of pH 4.0) was diffused through a sintered glass disk into 
25 ec. of the same buffer which was replaced with fresh solution at definite 
time intervals. The amount of nitrogen diffused in each period was deter- 
mined with the micro-Kjeldahl method. As shown in Table V, the amount 
of diffused nitrogen per day was practically constant. indicating uniformity 


Tasie IV 
Assay of Protein Solutions in Different Sections of an Electrophoresis Cell 


Daily dose, 0.05 mg. 


Fraction No. of rats Average growth in 10 days 
cm 
Anode 4 16 
Cathode 7 16 
Center x IS 
TABLE V 


Amount of Nitrogen Diffused in Successive Days with Growth Preparation 


Sample Diffusion period Amount of N 
days ms 
A } 0.454 
B l 0.105 
C | 0.090 
D l 0.105 


in the molecular size of the protein. There was also no appreciable differ- 
ence in the growth potency of the protein solutions (0.05 mg. daily) before 











and after the diffusion experiment, as shown by an average growth in 10 
days of 16 gm. for nine rats before diffusion and of 15 gm. for eight rats 





after diffusion. If the growth hormone molecule were actually smaller | 
in size than the contaminating proteins, it would have diffused away and 
the remaining protein solution would have shown loss of growth-promoting 
activity. 

Solulnility—The purity of the growth hormone preparation was also 
examined by the solubility method of Northrop (15). Three solvents were 
used, distilled water of pH 7.1, 3.8 m NaCl in 0.07 m phosphate buffer of 
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pH 6.4, and 4.8 mM NaCl in 0.07 M phosphate buffer of pH 5.7. All measure- 
ments were made at 5°. The soluble nitrogen was analyzed by the micro- 
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Fic. 4. Solubility curves of the growth hormone in various solvents at 5°. (A) 
solvent, distilled water, pH 7.1; (B) solvent, 4.8 mM NaCl in 0.07 m phosphate buffer, 
pH 5.7; (C) solvent, 3.8 w NaCl in 0.07 m phosphate buffer, pH 6.4. 


Kjeldahl method. The results presented in Fig. 4 indicate that the solu- 
bility of the growth hormone preparation is constant after the appearance 
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of the solid phase. Bioassays of the soluble and insoluble protein revealed 


no difference in the growth-promoting activity. 
Particles of Growth Hormone 


A 1.0 per cent growth hormone solution, at approximately pH. 10, was 
immersed in a water bath of about 30°; 1 or 2 drops of 1 mM HCI] were added 
to bring the pH down to about 7.0; the precipitate was centrifuged off in 
a warm environment. The opalescent supernatant was set aside in a cold 
room (2-3°). After 2 or 3 days, the particles which had settled were found 
to be remarkably uniform in size and shape. These ball-shaped particles 
were assayed in hypophysectomized female rats and found to possess the 





Fic. 5. The growth hormone particles. 150 


same growth potency as the original solution. Fig. 5 shows a photomicro- 


graph of the growth hormone particles. 
Isoelectric Point and Molecular Weight 


In a series of buffer solutions of different pH we have obtained the mobil- 
ity of the growth hormone in a Tiselius electrophoresis apparatus. The 
ionic strength of the buffer was 0.10 and the temperature 1.5°. From Fig. 
6, the isoelectric point of the growth hormone is estimated to be pH 6.85. 

At the isoelectric point and in the presence of (N H,)oSO,, the growth hor- 
mone is sufficiently soluble for osmotic pressure measurements. Under 
these conditions the molecular weight of the hormone was found to be 
44,250, as calculated by the modified van’t Hoff equation (16). 


WV = CdRT/100P 








ara 
plo 








LI, EVANS, AND SIMPSON 361 


in which C is the number of gm. of solute dissolved in 100 gm. of solvent, 
M the molecular weight of the solute, d the density of the solvent, P the 
observed pressure in cm. of water, R and T having their usual significance. 
The results are summarized in Table VI; the value 44,250 is an average 
figure from four determinations with four different growth hormone prep- 
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Fic. 6. The electrophoresis mobility of growth hormone as a function of pH at 
15°. 




















TaBie VI 
Osmotic Pressure of Growth Hormone Solutions at 2° 

lc ion | Protein per100| P Mol. wt. 
| See | omnes (S| aimed) | or |e 

M gm. cm. H:O 
6.64 0.40 0.485 2.70 0.180 43,500 
6.80 0.40 0.845 4.64 0.182 44,000 
7.00 0.40 0.550 2.99 0.184 44,500 
6.65 0.80 0.350 1.95 0.180 45,000 
SIL. « nn Kdule v4: Upaanspsbh vad suse eeenas ocpediie Thess ReRneeee 44,250 














arations. The method of measuring the osmotic pressure was that em- 
ployed in a previous investigation (17). 
Some Analytical Data 


The results are summarized in Table VII. 
Carbon, hydrogen, sulfur, and nitrogen (Dumas) were obtained by dupli- 
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cate analyses.' The Kjeldahl nitrogen was an average of many deter- 
minations; selenium oxychloride in H,SO, was used as the digestion mixture. 

Amino N was obtained by the usual method in the Van Slyke apparatus, 
The value is an average of two determinations. The estimate of amide 
N was kindly carried out by Dr. H. S. Olcott in duplicate determinations, 
The number of acid and basic groups was kindly determined for us by 
Dr. H. Fraenkel-Conrat with a micro technique employing a dye titration 
method. 

Tyrosine and tryptophane contents were averiiges of six determinations 
with two growth hormone preparations by Lugg’s modification (18) of the 
method of Folin and Ciocalteu. Approximately 70 mg. of protein were 





Tas_e VII 
Some Analytical Data on Growth Hormone 
Constituent Content 

bate it - oh a : ; : + per cent “- 
eee Poke ath Co ahi _ 46.35 
es cuhs = ae ane eo. dae aioe nites 7.07 
RES Ee , ie ails BAe eda ee 1.30 
N, Dumas...... Spe Res way Abe To Pete 15.65 
** Kjeldahl. ... ake ee ee 15.50 
Amino N.... Beer pie: ae edie 0.76 
Amide “..... ee aS Ae a Ss : 1.20 
No. of acid groups per 10,000 gm. protein................ 9.80 
oe ai base ia) ce 10,000 oc oe PS ee ra 13.40 
Tyrosine..... laeaes' icy eee 4.30 
Tryptophane................. alae 64 sagas BES 0.92 
Sbcctaccsescccs oc cORanes Pree ryt 0.00 
13.40 





Glutamic acid....... , db ee etn ena i ae 


used in each experiment and the color developed was read in a Cenco 
photelometer. The technique has been described in a previous paper 
(19). 

When growth hormone was dissolved in ammoniacal solution in the 
presence of nitroprusside, no violet color was observed. Moreover, the 
growth hormone did not take up iodine in acid solution, indicating the 
absence of SH groups. It may therefore be concluded that the hormone 
contains no cysteine. 

The glutamic acid was determined by Lewis and Olcott using a micro- 
biological method (20). The value was derived from duplicate deter- 
minations. 


1 Analyzed by Dr. Carl Tiedcke of New York. 
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Effect of Trypsin and Pepsin 


The solvent used: for the pepsin experiments was acetate buffer of 
pH 4.0 and that for the trypsin, borate buffer (pH 8.5). The hormonal 
concentration was 0.9 mg. per cc., while the enzyme concentration was 
0.4 mg. per cc. Both the trypsin and pepsin employed were commercial 
preparations, pepsin (Lilly) and trypsin (Pfanstiehl). The temperature 
of the incubation was 37° + 1°. At the end of 90 minutes, solutions were 
neutralized and kept at 0° for assay. As shown in Table VIII, the growth 
potency as assayed in hypophysectomized female rats was greatly reduced 
after enzymatic treatment. These results are to be expected if the pro- 
tein is the hormone. 


Effect of Heat 


It is generally believed that growth hormone is a thermolabile substance. 
The destructive effect of alkali has been noted by Evans, Meyer, and 
Simpson (21) who found that growth activity is greatly decreased when 

| Taste VIII 
Effect of Trypsin and Pepsin on Growth Hormone 











Treatment | Daily dose No. of rats ae - a in 
| mg. | an 
A ae | 0.05 | 8 17 
Pepsin....... has <i 0.20 8 6 
RE ee | 0.20 | 10 1 





extracts are warmed to 37—50° at pH 11 or 12. On the other hand, Shipley 
(22) showed that growth potency is only reduced 50 per cent when extracts 
are boiled at pH 2.0 for 10 minutes. It appeared of interest to investigate 
the heat stability of the growth hormone in some detail. 

The protein concentration used in boiling experiments was 1 mg. per cc. 
Three buffers were used: acetate buffer (pH 4.0) of ionic strength 0.10, 
phosphate buffer (pH 7.5) of ionic strength 0.10, and 0.1 m NasHPO, solu- 
tion (pH 8.9). The hormone solutions were placed in 50 cc. test-tubes and 
immersed in boiling water for 10 minutes. After the solutions were cooled 
and neutralized, they were assayed in hypophysectomized female rats for 
growth potency. It was noted that all solutions became very cloudy during 
heating. The results summarized in Table [X indicate that the growth 
activity is practically lost under these conditions. 

The protein was also subjected to heat treatment at lower temperature. 
The protein concentration was 0.2 mg. per cc. in phosphate buffer of pH 
7.0 and an ionic strength of 0.10. The length of heat treatment was 60 
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minutes. It was observed that the solution remained perfectly clear up 
to 60°; turbidity began at 70° and flocculent precipitation occurred at 
80°. On the other hand, the growth potency was not significantly reduced 
at 60° but was destroyed at 70° and 80° as judged by assay in hypophy- 
sectomized rats (see Table IX). It is of great interest to note that decrease 
in growth activity always coincided with the appearance of protein precipi- 
tation. 

Finally, we determined the stability of growth hormone in acid or alkali 
solutions at 60°. Growth hormone (10 mg.) was dissolved in 50 ce. of 
0.1 m NaCl with the aid of 1 drop of 1.0 m NaOH or 1.0 m HCl; clear solu- 
tions were immersed in water at 60° for 60 minutes. The final pH was 
determined and found to be 10.5 and 3.1 respectively. Solutions were 
neutralized and assayed for growth potency. As shown in Table IX, there 


TaBLe IX 


Bioassay of Growth Hormone in Solutions of Different pH after Heating in Water Bath 
at Different Temperatures 

















Daily dose, 0.10 mg. : 
pH Temperature Appearance after heating No. of rats — ~e. 
c. gm. 
7.5 100 Flocculent ppt. 10 —2 
4.0 100 7 - 12 4 
8.9 100 6 5 
7.0 37 Clear 8 7 
7.0 60 “ 15 
7.0 70 Cloudy 9 4 
7.0 80 Flocculent ppt. 13 0 
3.1 60 Clear 8 4 
10.5 60 - 14 17 





appeared to be no loss of activity at pH 10.5 but a great reduction of activity 
at pH 3.1. 


Effect of Urea 


Urea has long been considered a good denaturing agent, capable of de- 
stroying the biological activity (23) and decreasing the size of protein 
molecules (16, 24). On the other hand, urea has no effect on the biological 
activity of lactogenic hormone (25) or upon pepsin (26). 

Growth hormone (5 mg.) was dissolved in 0.5 cc. of 6.66 M urea-phosphate 
buffer (pH 7.0) and the solution was allowed to stand at 22° for 24 hours. 
The solution was then diluted and assayed without the removal of urea. 
The results with 0.05 mg. daily indicate that the hormone appears to retain 
its growth potency after urea treatment (an average growth of 19 gm. was 
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obtained on five rats for the untreated preparation and of 17 gm. on six 
rats for the urea-treated preparation during a 10 day period). This con- 
clusion confirms the findings of Fraenkel-Conrat et al. (9) with a less puri- 
fied growth preparation. 


SUMMARY 


A method has been described for the isolation of a protein which caused 
the resumption of body growth and increase in the epiphyseal cartilage 
cells of the tibia in hypophysectomized rats. The protein is thus identified 
as the growth hormone. From osmotic pressure determinations the molec- 
ular weight is found to be 44,250. Electrophoresis experiments show an 
isoelectric point at pH 6.85. Elementary analysis and the content of 
tyrosine, tryptophane, and glutamic acid have been determined. The 
hormenal activity is destroyed by pepsin and trypsin. It is unstable at 
the temperature of boiling water. In buffer of pH 7, the protein hormone 
is coagulated at 70-80° and the growth potency thus destroyed. It is 
further found that the hormone is more stable in alkali than in acid medium. 
Like pepsin and lactogenic hormone, growth hormone retains its biological 
activity in urea solutions. 
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THE EFFECT OF PYRIDOXINE DEFICIENCY ON 
TRANSAMINATION IN STREPTOCOCCUS LACTIS 
By PHILIP P. COHEN anp HERMAN C. LICHSTEIN 
(From the Laboratories of Physiological Chemistry and Bacteriology, Medical School, 
University of Wisconsin, Madison) , 


(Received for publication, April 17, 1945) 


Schlenk and Snell (1) have recently reported that tissues from pyri- 
doxine-deficient rats show a decreased transaminase activity. While 
Braunstein and coworkers (2) have long maintained that a cofactor was re- 
quired for transamination, Cohen (3) and more recently D. E. Green 
(personal communication) have been unable to demonstrate the presence 
of such a factor in purified preparations. 

In view of the recent finding by Lichstein and Cohen (4) that bacteria 
are active in transamination, it seemed desirable to put to test the sug- 
gestion of Schlenk and Snell by determining the transaminase activity of 
pyridoxine-deficient bacteria. It was felt that this approach would not be 
complicated by the well known effects of vitamin deficiencies in animals, 
such as inanition and changes in fat, carbohydrate, protein, and water 
ratios in tissues. 

Bellamy and Gunsalus (5) have shown that cell suspensions of Strep- 
tococcus faecalis R, harvested from a medium deficient in pyridoxine, 
decarboxylate tyrosine at a markedly reduced rate. Thus, it is possible 
to cultivate this organism in a medium of known pyridoxine level and to 
check the effect of this vitamin by determining the rate of tyrosine de- 
carboxylation by the cells. 

Because of these facts, a strain of Streptococcus faecalis R was chosen for 
study. By expressing enzyme activity in terms of bacterial nitrogen rather 
than weight, it was felt. that the objections raised above to studies of 
vitamin-deficient animals would be ruled out. 


Methods 


Culture and Media—Streptococcus lactis R (American Type Culture 
Collection, No. 8043) was used in all experiments, since it has been identified 
as a strain of Streptococcus faecalis (6). The medium employed was the 
one suggested by Bellamy and Gunsalus (5), except that hydrolyzed casein 
(Bacto-casamino acids) was used in place of hydrolyzed gelatin. Although 
Snell and Guirard (7) have shown that this organism will grow in the ab- 
sence of pyridoxine provided sufficient alanine is present, small amounts of 
the vitamin were added to the deficient media in order to insure adequate 
growth. 
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The organisms were acclimated to the various media by eight serial 
transfers before the experiments were carried out. In Experiment | 
the synthetic media employed contained respectively 4 and 40 y of pyr- 
idoxine per 10 ml. In Experiment 2 three media were used, two syn- 
thetic containing 0.4 and 100 y of pyridoxine per 10 ml. respectively, and 
.a control medium composed of nutrient broth plus 0.5 per cent glucose and 
1.0 per cent yeast extract (Bacto). 

Preparation of Bacterial Suspensions—Large volumes of media (1 to 5 
liters) were inoculated with Streptococcus lactis R, incubated for 24 hours at 
37°, and the cells harvested by centrifugation in a Sharples ultracentrifuge 
at 4°. The recovered cells were washed twice with physiological saline 
solution, suspensions of suitable strength prepared, and nitrogen deter- 
minations made on aliquots by the micro-Kjeldahl procedure. The bac- 
terial suspensions were prepared in equal volumes of physiological saline 
solution and 0.075 m phthalate buffer (pH 5.0) for the tyrosine decar- 
boxylation studies. For the transamination experiments the cell suspen- 
sions were prepared in 0.1 m phosphate buffer, pH 7.4 for Experiment 1, 
and pH 8.0 for Experiment 2. 

Tyrosine Decarboxylation—This was followed manometrically by de- 
termining the rate of CO, evolution (5). The main compartment of the 
Warburg cups contained 0.5 ml. of a m/30 suspension of tyrosine, 1 ml. of 
0.075 m phthalate buffer (pH 5.0), and water to make 2.5 ml. The cell 
suspension (0.8 ml.) was placed in the side arm along with 0.2 ml. of buffer. 
Suitable controls without tyrosine were made in all instances. The gas 
phase was Ne, the temperature of incubation 38°, and readings were taken 
every 5 minutes for 50 minutes. All determinations were made at least in 
duplicate. 

Transamination—The transamination reaction, 


i(+)-Glutamic acid + oxalacetic acid — /(—)-aspartic acid + a-ketoglutaric acid 
was studied by employing the methods described by Lichstein and Cohen 
(4) for bacteria. 

Incubations were made in Warburg cups at 38° for 5 minutes with N; 
as the gas phase. Each cup contained 2 ml. of cell suspension in the main 
compartment. The substrates were placed in the side arm, 0.5 ml. of 
0.12 m glutamic acid and 0.3 ml. of 0.2 m oxalacetic acid. Suitable con- 
trols without oxalacetic acid were made, and in most instances the exper- 
imental cups were run in triplicate. Aspartic acid formation was de- 
termined on deproteinized, boiled aliquots by using the chloramine-T 
method (3). 

Results 

The results of the tyrosine decarboxylation studies are presented in 

Table I. The difference in rate of activity between cells harvested from 
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pyridoxine-low and pyridoxine-high media was not as marked in Experi- 
ment 1 as in Experiment 2. Also, the Qco, yx) values in all instances were 
higher than those reported by Gunsalus and Bellamy (6). There is no 


TABLE [I 


Influence of Pyridoxine Level in Growth Medium on Tyrosine Decarboxylation by 
Streptococcus lactis R (American Type Culture Collection, No. 8043) 


























iment No.| P¥tidoxine level of | Bacterial nN | Incubation cancinnaldscean 
| | CO: evolved | OCOs (N) 
> per 10 ml. mg. | min. microliters 
1 4 | 0.43 | 10 93 1297 
15 133 1236 
| 30 | 27 1009 
40 |} 0.39 | 10 187 |S 2870 
| = 262 | 2690 
| | | . 2 375 1922 
2 0.4 | - ee 10 52 780 
15 70 700 
100 0.40 10 256 3840 
| | Plt 314 3140 
| Control (glucose 0.40 | + 10 164 2460 
broth + yeast | 15 231 2310 
extract) 
CONTROL 
HIGH By 
300) 
A] 
° 
rw) 
200! 
- 
‘ Low B 
100) 








0 20 30 4 50 
TIME IN MINUTES 


Fic. 1. Effect of pyridoxine level in growth medium on tyrosine decarboxylation 
by Streptococcus lactis R. (For the details refer to the text.) 


doubt, however, that the cells from the pyridoxine-low media, in both 
instances, were actually deficient in their ability to decarboxylate tyrosine. 
This is perhaps more clearly seen in Fig. 1 which is a graphical presentation 
of the data obtained in Experiment 2. 
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The results of the transamination studies (Table II) clearly indicate 
no difference in activity between cells obtained from pyridoxine-low and 
pyridoxine-high media despite the very marked difference in their ability to 
decarboxylate tyrosine. The difference in the Qyransamination (N) Values for 
the two experiments is probably related to the pH of incubation (4). 


DISCUSSION 


The fact that pyridoxine-deficient Streptococcus lactis is capable of 
transaminating at the same rate as organisms grown on adequate media 
suggests that pyridoxine is not directly concerned in the transamination 
reaction. The simultaneous determination of tyrosine decarboxylation un- 
equivocally establishes the organisms as deficient in pyridoxine. 


Tasier Il 
Influence of Pyridoxine Level in Growth Medium on Transamination by Streplococcus 
lactis R (American Type Culture Collection, No. 8043) 


Activity of cells 


Experiment | Pyridoxine level of Bacterial N — on Otransami- 
No medium a one Glutamic Aspartic nation (N) 
acid blank | acid formed 
> per 10 ml my microlilers wr ~~” 
l } 5.04 1507 1388 119 284 
Wy 7.5 1585 1388 197 315 
2 0.4 3.4] 1530 1330 200 704 
100 3.3 1517 1330 187 680 
Control (glucose 3.2 1510 1330 180 675 


broth + yeast 
extract) 


Incubation time 5 minutes 


While it is not our purpose to enter into a discussion of the validity of 
results obtained with tissues from vitamin-deficient animals, or with 
bacteria grown on vitamin-deficient media, it should be emphasized that 
tissues from vitamin-deficient animals often cannot be directly compared 
with those of control animals because of variation in water, fat, carbohy- 
drate, and protein content of the deficient tissues. Since one is measuring 
enzyme activity of tissues, it would seem essential that activities be ex- 
pressed in terms of nitrogen content rather than fresh weight. Further 
than this, however, one is still faced with the possibility that secondary 
effects only are being observed. Obviously, the surest basis for estab- 
lishing the nature of a coenzyme is to purify the system and characterize 
it chemically. Thus, while Gunsalus ef al. (8) have presented striking 
data in support of the idea that pyridoxine (specifically pyridoxal phos- 
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phate) is the coenzyme for tyrosine decarboxylase, recent work of Gale 
and Epps (9), who purified the system and split off the cofactor, have 
shown it to be free of phosphorus and to have properties which indicate 
that it is not pyridoxine. 

It would thus appear from the present study that if pyridoxine plays 
any direct réle in the transamination reaction this remains to be estab- 
lished. The unequivocal demonstration of such a réle will have to await 
high purification of the transamination enzyme system. 


SUMMARY 


Data are presented which show that Streptococcus lactis R harvested 
from pyridoxine-low and that from pyridoxine-high media, while differing 
markedly in their ability to decarboxylate tyrosine, catalyzed the tran- 
samination reaction 


l(+)-Glutamic acid + oxalacetic acid + 1(—)-aspartic acid + a-ketoglutaric acid 
at the same rate. 
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The determination of the nitrogen content of proteins and amino acids 
is of fundamental importance for many investigations, inasmuch as the 
validity of other phases of the study often rests upon the accuracy of this 
determination. The Kjeldahl method for nitrogen has undergone many 
modifications since its inception, usually with the object of decreasing the 
period required for digestion. In the last 15 years, the wide-spread use of 
micro modifications of this method has introduced further variations in 
the procedure. The Kjeldahl method has had such universal acceptance 
that, in many publications, no details as to the accuracy of the particular 
procedure, the oxidizing and catalytic agents employed, or the time of 
heating are given. 

Late in 1942, in connection with a problem in protein analysis, failure 
to obtain quantitative values for the nitrogen content of lysine dihydro- 
chloride was encountered. In view of this and of the low results obtained 
for tyrosine also, especially in the presence of selenium as a catalyst (un- 
published data), a careful study of the procedure as applied to these two 
amino acids was undertaken, a study which was extended subsequently to 
include other amino acids. 

While this work was in progress, Van Slyke and coworkers! stated that 
neither lysine nor tryptophane gave quantitative values by the Kjeldahl 
analysis (1), the usual values being about 90 per cent of the theoretical, and 
that trial of practically all oxidizing and catalytic agents recommended in 
the literature for the Kjeldahl digestion did not, in their hands, improve 
the results. Chibnall et al. (2) in the following year discussed the con- 
ditions required for obtaining maximal, reproducible values of the nitrogen 
content of carefully purified proteins. The conditions reported here, 
which we have found satisfactory for a number of different amino acids, 
are not identical with those of Chibnall. 


* This work was supported by a grant from the research funds of the Horace H. 
Rackham School of Graduate Studies, University of Michigan. 
' The statement referred to is included in a foot-note on p. 142 (1). 
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EXPERIMENTAL neck 


Reagents— 

Sodium hydroxide. Solution A, 50 per cent sodium hydroxide (by | dens 
weight). Solution B, 40 gm. of sodium hydroxide, 5 gm. of crystalline thes 
sodium thiosulfate (NaeS:0;-5H.O), and 60 gm. of water. Al 

Boric acid, 2 per cent solution. To each liter of solution, 11 ml. of the volu 
methyl red-bromocresol green mixture of Ma and Zuazaga (3) are added? | 

Hydrochloric acid, 0.01 N. 

Distillation—The first phase of this study was the determination of the | 
limits of accuracy of the distillation procedure. The test material was 
pure ammonium sulfate dried at 105-110°. An all-glass apparatus was 
used.* 

In preliminary studies a period of 4 minutes and 30 seconds for distillation 
was satisfactory. Later it was observed that, because of the fluctuations 
in the gas pressure, the heat from a single micro burner was so variable 
that in some cases the distillations were incomplete. To increase the 
conduction of heat to the water in the steam generator a coil of fine plat- 
inum wire 2? inches in length was sealed into the bottom of the steam 
generator. This wire was coiled inside of the flask and extended through 
to the outside about 1/16 of aninch. With more rapid generation of steam, 
special care had to be exercised in mixing thoroughly the mercury 
containing digests and the alkali (sodium hydroxide, Solution B) in order to 
be assured of complete neutralization of the acid before the temperature 

x was greatly elevated. With attention to this point, the liberation of 
hydrogen sulfide from the acid digest was avoided. 

For the apparatus equipped with the platinum coil, the following pro- 
cedure was established. After the introduction of the solutions, the 
generator was first heated with one micro burner at full flame until the 
first trap was warm; then heat from a second micro burner was supplied. 
This second burner was adjusted to the point of just giving a two cone flame. | 

-aThe stop-watch was started when the first visible drop of condensate 
passed the center point of the bridge between the traps and the condenser. 
The distillation was allowed to proceed for 2 minutes, when the receiving | —__ 
flask was lowered so that the tip of the condenser was about 3 cm. above 
the acid. At the end of 2 minutes and 15 seconds the water was removed Rep 
from the condenser, and, at the end of a period of 3 minutes, the receiving | are p 
flask was lowered again so as to bring the tip of the delivery tube into the 
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? This indicator consists of 10 parts of 0.1 per cent solution of bromocresol green 
in alcohol and 2 parts of a similar solution of methyl red. The 
* The all-glass apparatus used in this study is the distilling head, M-3076, of the ardize 
Scientific Glass Apparatus Company (Bloomfield, New Jersey), fitted with a 1 liter 
flask. | ‘Th 
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neck of the flask. This position was maintained for 30 seconds, giving 
a total elapsed time of 3 minutes and 30 seconds. The tip of the con- 
denser was thoroughly washed with a fine stream of water when each of 
these changes in position was made. 

All distillates, both blanks and experimental, were made up to the same 
volume, 40 to 50 ml., and titrated with 0.01 nN hydrochloric acid. 





























TaB_e I 
Recovery of Nitrogen from Standard Solutions of Ammonium Sulfate by Micro-Kjeldahl 
Method 
1 ml. aliquots containing 0.5662 mg. of nitrogen were used in all cases. " 
Nitrogen found | Recovery 
mg. per cent 

0.5658 99.93 ia 
0.5686 100.42 +h 
0.5699 | 100 .66 2) 
0.5676 100.24 a uk 

0.5689 100.47 it 

0.5630 99.61 7 
6.5668 100.10 ih 
0.5659 99.94 ee 

ae 4 

‘ 
Average... ... 0.5671 100.18 tt 
‘ Brey o if i 
Tasze II F 
Reagents Used for Digestion in Micro-Kjeldahl Method i 

Ri 








ail if ik tg IAS TUBERS 


l ; l ‘ l 
Reagent | ren. | am. Mercuric oxide | Sulfuric acid | Superoxol i 
| : 
mg. mg. | mg. mil. | drops . 
} | 
‘tae 100 9" oe of 
B 200 200 | 1.0 3 
Cc 110 110 1.0 3 
D | 3h onde oe Lo) iden dee 
E t 4 | 60 16 | 





Representative data obtained from one solution under these conditions 
are presented in Table I. In this typical series the limits of accuracy 
appear to be — 0.0037 to +0.0032 mg., with an average of +0.0009 mg., 
which is equivalent to 0.18 per cent above the theoretical. ' 

These tests showed that the conditions of heating must be rigidly stand- 
ardized and maintained, and that, with the established conditions for this 


‘The calibrated burette used is of 5 ml. capacity, graduated in hundredths. 
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particular piece of apparatus and source of heat, theoretical values for 
nitrogen of ammonium sulfate could be obtained. 

Digestion—A study of the conditions for the digestion of samples was 
made with the quantities of salts, sulfuric acid, and superoxol given in 
Table II. The results with these combinations of reagents are shown in 
Table III. The inadequacies of cupric sulfate as the sole catalyst were 
evident in the analysis of lysine dihydrochloride and 8-lactoglobulin, but 
not of alanine. It was not possible to obtain satisfactory analysis of lysine 


Taste III 





Effect of Variation in Digestion Procedure on Nitrogen Values Obtained by Micro. | 


Kjeldahl Method 


The solutions analyzed contained 0.5 to 1.5 mg. of nitrogen per ml. For the 
reagents referred to by the letters A, B, C, D, and E, see Table IT. 





Re- No. of Total | Nitrogen content 























Substance | agen determi-| period of | | Recov- 

— digestion | Minimal Maximal | Average | 
| hrs. per cent | per cent per cent | per cent 
dl-Alanine | A 6 | 3.5-4.5 | 15.53 | 15.75 | 15.63 | 99.42 
E | 12 |28 | 15.55 | 15.83 | 15.70 | 99.87 
;* | 7 | a7 | 15.60 | 15.77 | 15.70 | 99.87 

dl-Lysine dihydrochloride | 
Solution I B 2 |4.5 | 10.34] 10.36 | 10.35 | 80.92 
“ | 2 | 4.5 — | 10.80 | 10.86 | 10.83 | 84.68 
| E | 2 /4.5 — | 12.51 | 12.53 | 12.52 | 97.89 
“oT }c] 2/5 | 10.51 | 10.53 | 10.52 | 82.25 
Al 2/7 | 9.92 | 11.09 | 10.50 | 82.10 
E | 2 | 3.3 | 12.89 | 12.90 | 12.90 |100.86 
“« IW D | 2 |5.8 | 10.08! 10.13 | 10.11 | 79.05 
| E | 2 | 2.0 | 12.67 | 12.68 | 12.68 | 99.14 
t- | 2a | 12.67 | 12.71 | 12.69 | 99.22 

B-Lactoglobulin | | 

Solution I | B | 8 | 46 | 15.19 | 15.53 | 15.32 

| D| 2 {4 | 15.12 | 15.16 | 15.14 | 

E | 415.5 | 15.56 | 15.69 | 15.63 | 

ee “| 8 | 8.86.0 | 15.56 | 15.65 | 15.62 | 





dihydrochloride with cupric sulfate as catalyst. Similarly, the nitrogen 


values obtained for 8-lactoglobulin with this catalyst were significantly 


lower than those obtained by the Dumas method (4). 

In 1941, Clark (5) reported that, over a long period of time, he had 
successfully applied the Gunning-Arnold-Dyer modification of the macro- 
Kjeldahl method to the micro form of this method. On the basis of his 
report, digestion with 500 mg. of potassium sulfate, 50 mg. of mercuric 
oxide, and 1.5 ml. of sulfuric acid was tried. This combination of reagents 
is designated Reagent E in Tables II and III. The addition of 1 drop of 
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alcohol recommended by Clark (5) was made at the end of the 5th hour of 
digestion. In the presence of mercury, sodium hydroxide containing 
sodium thiosulfate (sodium hydroxide, Solution B) was necessary and, as al- 
ready mentioned, the liberation of hydrogen sulfide must be avoided. 

With alanine, the nitrogen values obtained with mercuric oxide as 
catalyst were but slightly higher than those obtained with cupric sulfate, 
whereas with mercuric oxide (Reagent E) the recovery of nitrogen of lysine 
dihydrochloride was quantitative. Likewise, with §-lactoglobulin, di- 
gestion with mercuric oxide gave higher nitrogen values. 

To study the effect of the catalyst, two experiments were done in which 
the total periods of heating were the same and the catalyst was the only 
variable. From the results obtained for Solutions I and III of lysine di- 
hydrochloride in Table III, the differences in the recoveries of nitrogen 
must be attributed to differences in catalysts and not to the different periods 
of heating. With 8-lactoglobulin the large amount of charred material 
automatically necessitated a long period of digestion. The values for the 
8-lactoglobulin digested in the presence of mercury are in good agreement 
with the value of 15.63 per cent obtained by the Dumas method (4) and 
the recent value of 15.58 obtained by the Kjeldahl method (2) (Table V). 

The period of digestion, a probable source of error, was studied with 
alanine, tryptophane, and tyrosine. With digestion periods of 2, 4, 5.5, 
and 8 hours, and Reagent E, the average recoveries of the nitrogen of 
alanine ranged between 99.53 and 100.57 per cent, with no correlation 
between length of digestion and recovery. On the other hand, with l-tryp- 
tophane and I[-tyrosine, a correlation did exist. Total periods of heating 
of 2, 5, and.7 hours gave recoveries of 92.80, 97.96, and 97.67 per cent, 
respectively, for tryptophane, and 2.6, 4, 4.5, and 6.75 hours gave re- 
coveries of 97.67, 98.06, 98.84, and 99.10 per cent, for tyrosine. On the 
basis of these results, a standard 6 hour period of digestion was chosen for 
subsequent work, counted from the time the charred material had cleared, 
or, if no charring occurred, 6 hours after the fumes of sulfur trioxide ap- 
_ peared. The total time in all cases would thus be more than 6 hours, with 
one exception longer than any of the digestions reported in Table III. 
_ The procedure thus established was as follows. Solutions containing 
0.4 to 1.4 mg. of nitrogen in aliquots of 1 or 2 ml. were digested with 500 mg. 
' of potassium sulfate and 50 mg. of mercuric oxide and with 1.5 ml. of 
concentrated sulfuric acid (low nitrogen) with gentle heating until the 
water had evaporated and then with the full flame of the micro burners.’ 


§ Digestion rack No. 7498, A. H. Thomas Company, has been found convenient as 
the heat from the micro burners is concentrated and not diffuse as in some types of 
tacks tried. This particular rack has been used for all the experiments given in 
Tables IV and V. 
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At the end of 5 hours the flasks were cooled, 1 drop of ethyl alcohol wag 
added, and heating continued 1 hour longer. At the end of digestion, the 
flasks were cooled, 5 ml. of distilled water added, and the flasks stoppered 
until distillation could be carried out. Usuaily the distillations were done 
on the following day. However, 3 days standing caused no detectable 
deviation in results. 

Before the distillations were begun, the apparatus was steamed for 
at least 10 minutes and washed. _ With the tip of the delivery tube dipping 
into the boric acid solution (10 ml.), the digests were transferred to the 


apparatus with about 8 ml. of water divided into three portions. The | 


funnel was then rinsed, and the solution of sodium hydroxide added. In 
the case of sodium hydroxide Solution A, 4 ml. were used, and of Solution 
B,5 ml. The last traces of the alkali were washed into the reaction cham- 
ber and the total volume brought up to 32 ml., which, in this apparatus, 
prevented splashing into the trap and yet was adequate for washing all 
materials into the chamber. 

The stop-cocks were closed, the heat applied, and the distillation was 
carried out as described above, followed by titration with 0.01 N hydro- 
chloric acid. 

Blanks identical with the experimental solutions with respect to solvent 
were carried through the whole procedure. 


Application of Standardized Method 


Amino Acids—This standardized procedure was applied to the analysis 
of representative amino acids and glutathione. Each compound was 
dried to constant weight either at 103—105° or in a vacuum desiccator over 
phosphorus pentoxide, as required by the nature of the particular com- 
pound. In each case, at least two different solutions of the compound 
were used to check sources of error from weighing. The data are pre 
sented in Table IV, in which each group of determinations represents the 
results with a single solution. 

The alanine, isoleucine, leucine, lysine dihydrochloride, phenylalanine, 
and valine were synthetic preparations. The l-tyrosine, /-histidine hy- 
drochloride monohydrate, cystine, and glutathione were prepared 
in this laboratory. In addition to the nitrogen values, the following 
criteria of purity were used for these respective compounds. The tyrosine 
was free from cystine; the sulfur content of cystine and of glutathione 
was 26.58 and 10.48 per cent, respectively; glutamic acid was free from 
chlorides. The l-tryptophane and [-glutamic acid were obtained from 
commercial sources. A preparation of l-arginine monohydrochloride was 
treated with norit, recrystallized in a manner similar to that recommended 
by Vickery (6) for the crystallization of free arginine, and dried before 
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TaBLe IV 
Nitrogen Content of Amino Acids and Glutathione As Determined by Standardized 
Micro-Kjeldahl Method 
The solutions analyzed contained 0.4 to 1.0 mg. of nitrogen per ml. Unless other- 
wise indicated alcohol was added during the digestion as recommended by Clark (5). 











| 


No. Nitrogen content 
Substance of determi- | _ —— _____| Recovery 
nations Minimal Maximal Average 
3 per cent per cent per cent per cent 
dl-Alanine 2 15.73 15.77 15.75 100.13 
2 15.68 15.70 15.69 99.75 
L-Arginine monohydrochloride 2 26 . 30 26 .69 26.50 99.60 
2 26.27" | 26.35* | 26.31* | 98.92* 
2 26.51 26.59 26.55 99.81 
2 26.52° | 26.65* | 26.59% | 99.94" 
3 26.42 26.59 26.46 99.37 
3 26.33* | 26.46* | 26.36% | 99.16* 
Cystine 2 11.62 11.69 11.66 100 .00 
2 11.56 11.63 11.60 99.49 
|-Glutamic acid 2 9.56 9.57 9.57 100.49 
2 9.47 9.48 9.48 | 99.59 
Glutathione 2 13.55 13.57 13.56 99.20 
l-Histidine monohydrochloride 2 20.05 | 20.11 20.08 100.15 
monohydrate 2 19.84 19.88 19.86 99.05 
2 20 .03 20.13 20.08 100.15 
dl-Isoleucine 4 | 10.72 10.77 10.73 | 100.47 
4 | 10.66 10.73 10.70 100.19 
di-Leucine 4 | 10.60 10.73 | 10.68 | 100.00 
| |} 10.71 | 100.27 
dl-Lysine dihydrochloride 1 | 12.88 100.70 
2 12.82 | 12.82 12.82 100.23 
di-Pheny!alanine 6 8.35 8.46 8.39 | 98.94 
2 8.39 8.45 8.42 99.29 
L-Tryptophane 2 13.69 | 13.81 13.75 | 100.29 
2 13.77 13.83 13.80 100.58 
2 13.80 13.84 13.82 100.73 
Tyrosine 6 7.64 | 7.77 7.70 99.61 
2 7.68 7.68 7.68 99.35 
| 4 | 11.88 | 11.92 | 11.90 | 99.49 


dl-Valine 


! 





*Same solution as that used for the determination in the line immediately pre- 
ceding; no alcohol was used in digestion. 


analysis. All of the compounds except valine and leucine gave negative 
tests for ammonia with Nessler’s reagent. These two showed very slight 
traces of ammonia in the concentrations used for analysis. 

The nitrogen values obtained for all of these compounds as shown in 
Table IV are considered quantitative. Three series of analyses of arginine 
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without the addition of aleohol recommended by Clark (5) are given in 
Table IV. The alcohol, when added at the end of the 5th hour of dj. 
gestion, had no significant effect upon the results. 

Proteins—Prior to the determination of nitrogen, the preparation of 
protein was spread in a thin layer and covered with a filter paper and 
allowed to equilibrate with the air for 48 to 72 hours. It was then stored 


in a closed bottle. For the moisture determination, these equilibrated ; 


samples were dried to constant weight at 103—105° in weighing bottles. For 
the determination of the ash content, the dried samples were transferred to 
crucibles (weighing by difference) and heated in a muffle oven at 550-600°. 


TABLE V 
Nitrogen Content of Proteins As Determined by Standardized Micro-Kjeldahl Method 


All values are calculated on an ash- and moisture-free basis. 





Nitrogen content 








| No. of 
Protein "peo eee TEPe Values reported in literature 
|nations| Mini- | Maxi- | Aver- | 
mal mal | age 
per cent | per cent | per cent per cent 
4 | - - | - > . | 7 - » - « - ~ 
8-Lactoglobulin | 4 | 15.56) 15.69) 15.63, 15.14-15.26 (8), 15.3 (9), 15.58 (2), 


3 15.56) 15.65, 15.61} 15.60 (4) 
Crystalline egg al- | 3 15.62) 15.74] 15.67) 15.16 (10), 15.27 (11), 15.36-15.44 
15.63| 15.67| 15.65} (12), 15.4 (7), 15.60 (13), 15.51 





bumin 4 
| (14), 15.64 (15), 15.71 (16), 15.76 
| (2) 
Gliadin 17.66) 17.86] 17.79] 17.58 (*), 17.66 (17), 17.87 (10) 


| 17.83] 17.96] 17.88 
2m 


| 
| | 
| 





4 
4 

Soy bean globulins | 6 | 16.85) 17.00 16.96) 16.93(t) 

(Illini) 5 | 16.89) 17.14) 17.00] 
Glycinin 4 | 16.91) 17.07) 17.02] 17.04 (10), 17.45 (17), 17.53 (18), 
| 4 | 16.97) 17.22 17.08}  16.60-17.74 (19) 

Zein | 4 | 15.93} 15.99) 15.97} 16.13 (17) 

3 


| 16.04) 16.15, 16.11) 





* Osborne, T. B., private communication to H. B. Lewis. 
t Vickery, H. B., and Pucher, G. W., private communication. 


The samples for nitrogen analysis were taken at approximately the same 
time as those for the moisture and ash determinations to insure the va 
lidity of the corrections. Samples of 0.1 to 0.14 gm. of the protein were 
weighed into stoppered test-tubes, moistened with 1 ml. of water, mixed 
with 2 ml. of concentrated sulfuric acid, and hydrolyzed in a boiling water 
bath from 2.5 to4hours. The hydrolysates were transferred to 25 or 50 ml. 
volumetric flasks, diluted to volume, and 1 or 2 ml. aliquots used. 

The results obtained by this procedure for B-lactoglobulin (prepared im 
this laboratory by one of the authors (M.)) are similar to those reported by 
Chibnall and others, 15.58 and 15.63 (2, 4) (Table V). The value for the 
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_ preparation of egg albumin is of special interest, as it is the same for which 


Calvery (7) previously reported 15.4 per cent nitrogen. As shown in Table 
V, our results for this protein are of the same order as those reported in 
some of the earlier papers as well as in certain recent ones, and are higher 
than a number of the other reported values. 

Our value for the nitrogen of gliadin® is in good agreement with those of 


| Jones and Moeller (10), but is higher than others reported in the literature. 


These differences may be due to the method of digestion or determination 
of moisture and ash, presumably the former. In the case of the soy bean 
globulins,’ the slightly higher values we obtained in comparison with those 
of Vickery and Pucher do not, in our opinion, represent a significant differ- 
ence. The agreement with the nitrogen for glycinin reported by Jones and 
Moeller is good (10). It is possible that the differences between our data 
for glycinin and others in the literature may be due to the procedure used 
or to differences in variety. Csonka and Jones (19) have claimed a differ- 
ence in the nitrogen!content of soy bean proteins, according to the variety 
of soy bean used as the source. The particular type of soy bean from 
which this preparation of glycinin’ was obtained is not known. The 
nitrogen value for zein’ is practically the same as that in the literature (17). 


DISCUSSION 


In micro-Kjeldahl analyses the conditions for distillation of the ammonia 
must be carefully checked with standard solutions of pure ammonium 
salts such as ammonium sulfate, and the established conditions must be 
rigidly maintained. The procedure for distillation recommended by this 
paper applies only to the particular piece of apparatus used here with our 
particular source of heat. Change to another piece of apparatus or to 
other conditions requires a revaluation of the entire procedure. 

This study does not support the assumption that the catalyst and the 
period of digestion are necessarily identical for all compounds of the same 
general class. As reported here, the results for alanine are the same whether 
the catalyst is mercuric oxide or cupric sulfate, whereas a marked differ- 
ence in nitrogen values occurs under the same conditions with lysine 
dihydrochloride and 8-lactoglobulin. This observation is not new, but it 
has not been generally stressed. The necessity of the presence of mercury 


* We are indebted through Professor H. B. Lewis to the late Dr. T. B. Osborne for 
the gliadin. The nitrogen value according to the analysis of Osborne was 17.58 on 
the moisture- and ash-free basis. 

’We are indebted through Professor H. B. Lewis to Dr. H. B. Vickery for the soy 
bean globulins, which had been prepared in research carried out for the Food and 
Nutrition Board of the National Research Council, as well as for the glycinin and the 
zein. 
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in the analysis of certain proteins was pointed out by Pregl (20), who 
stated that cupric sulfate was entirely satisfactory in the cases of most of 
the other compounds studied. Weissman and Schoenheimer (21) have 
observed that with cupric sulfate and selenium long periods of digestion are 
required for lysine, but 2 hours are sufficient with mercuric sulfate. 
The recommended period of heating is shorter than that used by Chibnal] 
et al. (2). With their combination of potassium sulfate, sodium selenate, 
and sulfuric acid, 8 hours or longer were required for digestion. Although 





quantitative results for the nitrogen content of lysine dihydrochloride | 


were obtained with a total period of heating of 2 hours, it cannot be assumed 
that this is sufficient to insure complete conversion of the nitrogen of all 
of the amino acids to ammonium sulfate, as one might be led to infer from 
Pregl’s text (20). Tyrosine and tryptophane, for example, do yield 
quantitative nitrogen values with 6 hours digestion but not with shorter 
periods. It is also of interest that the time required for digestion of these 
amino acids is much longer than Clark (5) found necessary for the oximes, 
purines, pyrimidines, and other compounds he studied. It should be 
noted that he recommended 1 hour of heating, stating that 2 hours had no 
detrimental effect, and that he analyzed neither amino acids nor proteins, 


SUMMARY 


1. Conditions for the digestion and distillation in the micro-Kjeldahl 
method as applied to amino acids and proteins have been studied. 

2. With mercuric oxide as the catalyst, quantitative values for the 
nitrogen of lysine dihydrochloride were obtained, but not with cupric 
sulfate. Likewise, higher values were obtained for the nitrogen content 
of B-lactoglobulin with the use of mercury as the catalyst. 

3. With the standardized conditions employed here, quantitative 


values for the nitrogen content were obtained for alanine, arginine by- | 


drochloride, cystine, glutamic acid, histidine hydrochloride monohydrate, 
isoleucine, leucine, lysine dihydrochloride, phenylalanine, tryptophane, 
tyrosine, valine, and glutathione. 

4. The nitrogen values obtained by this procedure for the proteins 
8-lactoglobulin, egg albumin, gliadin, the soy bean globulins, and zein are 
compared with those reported in the literature. 


BIBLIOGRAPHY 


1. Van Slyke, D. D., Hiller, A., and Dillon, R. T., J. Biol. Chem., 146, 137 (1942). 
2. Chibnall, A. C., Rees, M. W., and Williams, E. E., Biochem. J., 37, 354 (1943). 
3. Ma, T. 8., and Zuazaga, G., Ind. and Eng. Chem., Anal. Ed., 14, 280 (1942). 
4. Brand, E., and Kassell, B., J. Biol. Chem., 145, 365 (1942). 

5. Clark, E. P., J. Assn. Official Agr. Chem., 24, 641 (1941). 

6. Vickery, H. B., and Leavenworth, C. 8., J. Biol. Chem., 76, 701 


1928). 











) 





























o oe 


16. 
17. 


18. 
19. 
. Pregl, F’., Die quantitative organische Mikroanalyse, Berlin, 3rd edition, 121 


L. MILLER AND J. A. HOUGHTON 383 


. Calvery, H. O., Block, W. D., and Schock, E. D., J. Biol. Chem., 118, 21 (1936). 
. Pedersen, K. O., Biochem. J., 30, 961 (1936). 

. Palmer, A. H., J. Biol. Chem., 104, 359 (1934). 

. Jones, D. B., and Moeller, O., J. Biol. Chem., 79, 429 (1928). 

ll. 
12. 
13. 
14. 
15. 


Bernhart, F. W., J. Biol. Chem., 182, 189 (1940). 

Hendrix, B. M., and Dennis, J., J. Biol. Chem., 126, 315 (1938). 

Taylor, G. L., Adair, G. 8., and Adair, M. E., J. Hyg., 32, 340 (1932). 

Osborne, T. B., and Campbell, G. F., J. Am. Chem. Soc., 22, 422 (1900). 

Sgrensen, S. P. L., and Hgyrup, M., Compt.-rend. trav. Lab. Carlsberg, 12, 164 
(1915-17). 

Vickery, H. B., and Shore, A., Biochem. J., 26, 1101 (1932). 

Osborne, T. B., The vegetable proteins, Monographs on biochemistry, London 
and New York, 2nd edition, 72 (1924). 

Osborne, T. B., and Campbell, G. F., J. Am. Chem. Soc., 20, 419 (1898). 

Csonka, F. A., and Jones, D. B., J. Agr. Res., 46, 51 (1933). 


(1930). 


. Weissman, N., and Schoenheimer, R., J. Biol. Chem., 140, 779 (1941). 








Deh te eae Ra ow ee = 


550 


ar 





By \ 
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Within recent years it has been recognized that certain compounds re- 
lated structurally to the vitamins or to other bacterial growth factors can 
inhibit the biological action of those essential substances.! One of the 
early experiments indicative of a metabolic antagonism between an essential 
amino acid and a related compound was reported by Dyer (4), who initiated 
biochemical studies on the relationship between methionine (S-methylho- 
mocysteine) and ethionine (S-ethylhomocysteine). She observed that 
ethionine was toxic to young rats maintained on a methionine-deficient 
diet. This toxicity was offset by the addition of methionine to the experi- 
mental diet. Later, the “antimethionine”’ effect of ethionine was shown 
also for Escherichia coli by Harris and Kohn (5), who reported that the 
inhibition of bacterial growth by ethionine was completely overcome by 
methionine. More recently, it has been reported by Roblin et al. (6) that 
the oxygen analogue of methionine (@-amino-y-methoxybutyric acid) 
also exerts an inhibitory effect on the growth of certain microorganisms 
which is reversed by methionine. 

We wish to report here the results of similar studies concerned with 
another essential amino acid, phenylalanine, and its isostere, 8-2-thienyl- 


HC—CH HC—CH 


| 
HC C—CH,CHNH,CO,H HC C—CH,CHNH:CO.H 
pa 


HC=CH 
Phenylalanine 8-2-Thienylalanine 


alanine.2 At the time this work was begun, Barger and Easson (7) al- 
ready had carried out preliminary investigations on the metabolism of 
thienylalanine in the rabbit. They obtained a persistent ninhydrin 
reaction in the urine following intravenous administration of the compound, 


‘This subject has been reviewed recently by Wagner-Jauregg (1), McIlwain (2), 
and Woolley (3). 

*This compound hereafter is designated as thienylalanine for brevity. The 
Metabolism of the 8-3-thienylalanine has not yet been investigated. 
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but were unable to isolate any thiophene derivative from it. 2-Thiophenie 
acid, on the other hand, was metabolized similarly to benzoic acid in that 
it gave rise to the thiophene analogue of hippuric acid. 

Our first experiments were designed to test the ability of thienylalanine 
to replace phenylalanine in the diet of the growing rat. It was found 
that the thienyl compound could not be used in lieu of the phenyl com- 
pound, since young rats lost weight rapidly when placed on an otherwise 
complete diet in which thienylalanine had been substituted for phenyl- 
alanine. 

An attempt then was made to determine whether thienylalanine exerts 
an “antiphenylalanine”’ effect. Preliminary experiments with rats gave 
inconclusive results, although some indications of an antagonism were 
observed. A more extensive investigation of this point is necessary. 
However, a definite antagonistic effect on the part of thienylalanine was 
obtained with Saccharomyces cerevisiae. We noted inhibition of growth 
when thienylalanine was added to a medium which ordinarily permits 
good growth of yeast. The inhibitory action of thienylalanine was re- 
versed by phenylalanine. Tyrosine had no effect on the toxicity of the 
thienyl compound. The effect of thienylalanine on the growth of other 
microorganisms is now being studied. 

Yuan and Li (8), in 1937, pointed out that examination of the formula of 
thienylalanine reveals a structural similarity to the sulfur-amino acid, 
methionine. 

CH; (CH:CH:CHNH,CO2H HC—CH 


Ss HC C—CH.CHNH,;CO:H 
Ss 


Methionine 8-2-Thienylalanine 


They suggested that thienylalanine might serve as a dietary source of 
methionine. The results of further biochemical studies by these workers 
apparently have not appeared in the literature, and we have, therefore, 
taken occasion to test such a possibility during the course of our investi 
gations. Negative results were obtained. Young rats did not grow when 
placed on an otherwise complete diet in which thienylalanine was the only 
sulfur-containing amino acid. 

In view of the numerous potentialities of thienylalanine as an inhibitor 
of pathogens and as a possible tool for the study of phenylalanine me 
tabolism, both normal and abnormal, it seemed advisable to try to improve 
the existing methods for its preparation. Syntheses have been described 
by Yuan and Li (8) and by Barger and Easson (7). Both groups made use 
of the Erlenmeyer azlactone method (9), and, in addition, Barger and 
Easson adapted the hydantoin method of Wheeler and Hoffman (10). 
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Methods for the synthesis of 2-thiophenealdehyde were explored first, 
since this intermediate can be employed in either the azlactone or the 
hydantoin synthesis. In studying Barger’s procedure (7) for the prep- 
aration of 2-thiophenealdehyde from 2-thienylglyoxylic acid, we found 
that increased yields could be obtained by decarboxylating the glyoxylic 
acid in aniline as described by Bouveault (11) for the preparation of aro- 
matic aldehydes. It was found expedient, also, to prepare 2-thiopheneal- 
dehyde by means of the Grignard reagent from 2-iodothiophene as rec- 
ommended by Yuan and Li (8). The yields from thiophene to aldehyde 
are somewhat lower by the latter procedure, but greater convenience is 
_ achieved. 

Early in our attempts to carry out the condensation of 2-thiophenalde- 
| hyde with hydantoin in the presence of acetic anhydride and sodium ace- 
tate, as described by Barger and Easson (7), it became apparent that, in 
our hands, the procedure was unsatisfactory. Great variations in yields 
were encountered. Such difficulties in amino acid synthesis by the hy- 
dantoin method have been encountered previously (12), and it appeared 
probable that conditions for the preparation of 5-(2-thienylmethylene)hy- 
dantoin could be improved considerably. 

Since 2-furfuraldehyde is the readily obtainable heterocyclic aldehyde 
most similar to 2-thiophenealdehyde, model experiments were carried out 
with the oxygen heterocycle. Deulofeu (13) reported the condensation of 
furfuraldehyde and hydantoin at 110° in the presence of sodium acetate 
alone. We were able to improve the yield of 5-(2-furfurylidene)hydantoin 
by carrying out the condensation at 140°. Under the same conditions we 
were able to effect the condensation of 2-thiophenealdehyde to give almost 
pure 5-(2-thienylmethylene)hydantoin in 75 per cent of the theoretical 
yield. 

Barger and Easson reduced the thienylmethylenehydantoin with sodium 
amalgam, and obtained the desired amino acid by heating the resultant 
5-(2-thienylmethyl)hydantoin with strong barium hydroxide solution. 
By means of the ammonium sulfide reduction which had been applied to 
the preparation of phenylalanine by Boyd and Robson (14), we obtained 
8-2-thienylalanine from the unsaturated hydantoin in one step. Our 
over-all yield from aldehyde to amino acid was 54 per cent of the theoretical 
amount, The over-all yield obtained by Barger and Easson is calculated 
| to be 17 per cent of the theoretical amount. Yuan and Li obtained 15 per 
cent of the theoretical yield by the azlactone method (calculated from the 
acetal to the amino acid). 











EXPERIMENTAL 


Growth Studies; Feeding of Thienylalanine in Place of Phenylalanine—Six 
young rats were placed on a basal diet of the following percentage com- 
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position: amino acid mixture (as described by du Vigneaud, Chandler, 
Moyer, and Keppel (15) but containing no phenylalanine) 22.1, di-methio. 
nine 0.6, /(—)-cystine 0.6, dextrin 25.7, sucrose 15.0, salt mixture (Osborne 
and Mendel (16)) 4.0, and corn oil (Mazola) 30.0. The fat-soluble yi. 
tamins A, D, E, and K were included in the diet as described previously 
(17), and the water-soluble vitamins of the B complex were supplied by 
two pills (18) daily, each of which contained 25 mg. of choline chloride in 
addition to 12.5 mg. of “‘modified ryzamin-B.”’ After 4 days, during which 
time all animals but one lost weight, phenylalanine (1.5 per cent) was added 
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Fig. 1. Growth curves of rats fed thienylalanine in place of phenylalanine 


to the diet of two animals, thienylalanine (1.5 per cent) was added to the 
diet of two animals, and two animals were continued on the basal diet. 
The control rats on the basal diet and those receiving thienylalanine 
continued to lose weight. Replacement of thienylalanine by phenylalanine 
resulted in gain of weight, while replacement of phenylalanine by its 
thiophene isostere resulted in loss of weight, as shown in Fig. 1. The daily 
food consumption of each animal is given in Table I. The urine of the 
rats receiving thienylalanine was collected, but no N-acetylthienylalanine 
could be isolated from it. 
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Feeding of Thienylalanine in Place of Methionine—Four young rats were 
given a diet similar to the basal diet described above, but with the following 
modifications: phenylalanine (1.5 per cent) was included in the diet of all 
four rats; methionine and cystine were replaced by thienylalanine (1.4 per 
cent) in the diet of two animals, while cystine was removed from the diet of 
the other two animals and the methionine content was raised to 1.4 per cent. 
The vitamin supplement was exactly the same as that used in the preceding 
experiment. The daily food consumption of these animals is given in 











TABLE I 
Food Consumption; Feeding of Thienylalanine in Place of Phenylalanine 
Rat No. and sex | Days* Supplement to basal diet er 

| gm. 
361 @ 4-16 | Phenylalanine 5.7 
362 o | 4-11 as 4.7 
11-16 Thienylalanine 3.4 
363 co 4-11 - 3.1 
11-16 Phenylalanine 4.4 
364 | 4-16 | Thienylalanine 3.1 
345 9 4,10 3.2 
338 o | 4-11 | 4.2 








* The data for the first 4 days have been omitted, inasmuch as all animals were 
receiving the basal diet during this period. 








Tasie II 
Food Consumption; Feeding of Thienylalanine in Place of Methionine 
Rat No. and sex Supplement to basal diet | Average daily food consumption 
gm. 
440 9 Methionine 4.2 
441 9 4.3 
442 J | Thienylalanine | 3.7 
443 ot i 2.1 





Table II. The growth curves for this experiment, shown in Fig. 2, in- 
dicate that thienylalanine does not serve as a source of sulfur in place of 
methionine or of homocystine. 

Experiment with Yeast—A 24 hour culture of Saccharomyces cerevisiae 
strain 139 was used for all tests. The yeast was grown in the media de- 
scribed by Snell, Eakin, and Williams (19), with one modification; namely, 
the aspartic acid content of the medium was doubled. After 16 hours 
incubation at 30°, yeast growth was measured turbidimetrically with a 
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Klett-Summerson photoelectric colorimeter. In Figs. 3 and 4 yeast 
growth is expressed in colorimeter units. 
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The effect of increasing amounts of thienylalanine on the growth of 
yeast is shown in Fig. 3. It will be noted that 55 y of thienylalanine per 
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7 cc. of medium reduced the growth to 50 per cent of normal. With 
amounts greater than 400 y per 7 cc., no further inhibition was observed. 

The addition of increasing amounts of phenylalanine to culture tubes 
which already contained 400 y of thienylalanine per 7 cc. resulted in a 
gradual reversal of the inhibitory effect of thienylalanine (Fig. 4). The 
data represented in this figure indicate that approximately 800 y of phen- 
ylalanine are required to reverse almost completely the toxicity of 400 y of 
thienylalanine. The presence of large amounts of phenylalanine (0.8 to 
1.2 mg. per 7 cc.) in the basal medium apparently caused a slight inhibition 
of growth, which may explain why the toxic effect of thienylalanine was 
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hever reversed completely by phenylalanine (see Fig. 4). /-Tyrosine in 
amounts as high as 800 y per 7 cc. of medium had no effect on the toxic 
action of thienylalanine. 

50 y of thienylalanine remained inhibitory to yeast growth when the 
organism was grown in a medium which contained, in addition to the 
basal constituents, a mixture of amino acids having the following com- 
position (the figures represent the amounts in micrograms per 7 cc.): 
K—)-cystine 225, glycine 225, l(—)-hydroxyproline 225, dl-isoleucine 450, 
dl-methionine 450, 1(—)-tyrosine 225, dl-alanine 450, /(+)-arginine mono- 
hydrochloride 225, 1(+)-aspartic acid 900, I(+)-glutamic acid 2250, 
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1(—)-histidine menohydrochloride monohydrate 225, 1(—)-leucine 225, 
i(+)-lysine monohydrochloride 225, /(—)-proline 225, dl-serine 450, 
dl-threonine 450, /(— )-tryptophane 225, and di-valine 450. In the absence 
of thienylalanine, this mixture of amino acids stimulated the growth of 
yeast above the level obtained with the basal medium. The effect of the 
individual amino acids in concentrations much greater than that employed 
in the mixture is being investigated. 

Preparation of 2-Thiophenealdehyde; (a) from 2-Acetothienone—2-Thien- 
yiglyoxylic acid, obtained by the oxidation of 52 gm. of 2-acetothienone 
(7), was dissolved in 500 ce. of aniline and heated at atmospheric pressure 
to distil all of the water formed. Most of the aniline then was distilled 
from the mixture under the vacuum of a good water pump at as low a 
temperature as possible. The residue was taken up in 500 ec. of 25 per 
cent H.SO, and allowed to stand overnight. The acidic solution then was 
extracted repeatedly with ether, and the ether extract was evaporated to 
give 27.9 gm. of 2-thiophenealdehyde. 

(b) From 2-Iodothiophene—The Grignard reagent from 121.1 gm. of 
2-iodothiophene was treated with ethyl orthoformate according to the 
procedure of Yuan and Li (8). The yield of 2-thiophenealdehyde diethyl 
acetal, b.p. 90-92° at 9 mm., was 61.3 gm. This represents 57 per cent of 
the theoretical amount. Upon acid hydrolysis in the absence of oxygen, 
the acetal afforded 92 per cent of the theoretical amount of 2-thiophene- 
aldehyde, b.p. 192-193°. 

5-(2-Furfurylidene)hydantoin—An intimate mixture of 10.5 gm. of 
2-furfuraldehyde, 10.5 gm. of hydantoin, and 10 gm. of anhydrous sodium 
acetate was heated at 140° for about 30 minutes. The mixture was allowed 
to cool and then was extracted with a total of 250 cc. of water. The res- 
idue, which melted at 231-237°, weighed 15.1 gm. This represents 78 
per cent of the theoretical amount. Purification of the colored product was 
effected by recrystallization from alcohol. The colorless crystals melted 


at 239-240°. 


CsHgN203 Calculated. Cc 53.92, H 3.40, N 15.72 
(178.2) Found. “ 54.06, “ 3.67, “ 15.81 


Deulofeu (13) reported that the compound melts at 230° after recrystalli- 
zation from acetic acid and no analysis was given. Wheeler and Hoffman 
(10) obtained yellow prisms, m.p. 232°, the nitrogen content of which 
was shown to agree with the theoretical value. 
5-(2-Thienylmethylene)hydantoin—To 18.4 gm. of 2-thiophenealdehyde 
(freshly distilled in an inert atmosphere) were added 15.8 gm. of finely 
powered hydantoin and 15.1 gm. of finely powdered sodium acetate. The 
intimate mixture, heated at 140-145° in an atmosphere of dry nitrogen for 
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70 minutes, first liquified and finally resolidified. The resultant magma 
was extracted with a total of 500 cc. of water and finally with 200 cc. of 
benzene. The residue consisted of almost colorless crystals of 5-(2-thien- 
ylmethylene)hydantoin, m.p. 253-255°. Admixture with a sample 
prepared according to Barger and Easson (7) caused no depression of the 
melting point. The yield was 23.7 gm., or 75 per cent of the theoretical 
amount. 

B-2-Thienylalanine; (a) from 5-(2-Thienylmethyl)hydantoin—5.0 gm. of 
5-(2-thienylmethyl)hydantoin prepared according to Barger and Easson 
(7) were dissolved in a mixture of 220 cc. of water and 25 cc. of concentrated 
ammonia water. The solution was cooled to 0°, was saturated with HS, 
and then was heated at 100° in a glass-lined autoclave for 5 days. The 
mixture next was filtered and concentrated in vacuo to a small volume. On 
addition of alcohol the amino acid precipitated. This material was dis- 
solved in hot water, was filtered, and was reprecipitated by addition of 
alcohol. The yield of purified compound was 4.0 gm., representing 92 per 
cent of the theoretical amount. 


C;HsO.NS (171.2) Calculated, 8 18.7; found, S 18.9 


(b) From 5-(2-Thienylmethylene)hydantoin and Ammonium Sulfide at 
100°—7.7 gm. of 5-(2-thienylmethylene)hydantoin were dissolved in a 
mixture of 50 cc. of concentrated ammonia water and 75 cc. of water. The 
mixture was saturated with H.S at 0°, and then was heated at 100° in a 
glass-lirigl autoclave for 64 hours. The mixture was filtered, and the 
filtrate was concentrated to dryness under diminished pressure. The hot 
aqueous extract of the residue was treated with decolorizing carbon, and 
then was concentrated to a small volume. £§-2-Thienylalanine was pre- 
cipitated by the addition of aleohol. The yield of colorless product was 
3.4 gm., representing 50 per cent of the theoretical amount. 


Calculated, 8 18.7; found, 8 18.3 


(c) From 5-(2-Thienylmethylene)hydantoin and Ammonium Sulfide at 
120°—In a sealed tube were placed 4.0 gm. of 5-(2-thienylmethylene)hy- 
dantoin and 80 cc. of ammonium sulfide solution (prepared by saturating 
16 per cent ammonia water with HS at 0°). The mixture was heated at 
120° for 88 hours and then was evaporated on the hot-plate until no more 
hydrogen sulfide was evolved. The residue was diluted with boiling water 
to a volume of approximately 100 cc. The hot solution was treated with 
decolorizing charcoal, was filtered, and was concentrated. Water was re- 
placed by alcohol until the alcohol concentration was approximately 80 
per cent. Upon cooling, the solution deposited colorless crystals, micro 
melting point 243-245°. The yield was 2.53 gm. This represents 72 per 
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cent of the theoretical amount. The mother liquors from several batches 
were combined and concentrated to dryness under diminished pressure. 
The gummy residue was recycled to yield additional quantities of the amino 
acid. 


Calculated, 8S 18.7; found, S 18.7 


SUMMARY 

The addition of thienylalanine to a medium adequate for good growth 
of Saccharomyces cerevisiae caused marked inhibition of growth which was 
prevented by phenylalanine. 

Thienylalanine, when added to the diet of the young rat, was incapable 
of supporting growth in lieu of either phenylalanine or methionine. 

The synthesis of thienylalanine was reinvestigated and improved in 
regard to both yield and convenience. 

The authors wish to express their appreciation to Dr. Julian R. Rachele 
and Mr. Roscoe C. Funk, Jr., for the microanalyses, and to acknowledge 


the valuable assistance of Mrs. Glenn Ellis and Miss Carol Tompkins in the 
microbiological phases of the work. 
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SPECTROPHOTOMETRIC DETERMINATION OF SMALL 
AMOUNTS OF CHOLINE 


By RICHARD J. WINZLER anno EMILY R. MESERVE* 


(From the Department of Biochemistry and Nutrition, University of Southern California 
Medical School, Los Angeles) 


(Received for publication, April 17, 1945) 


Several investigators have assayed choline by precipitating it with 
Reinecke salt and determining colorimetrically the choline reineckate 
dissolved in acetone (1-6). The extinction coefficient of choline reineckate 
is not great in the visible range, however, and samples containing less 
than about 1 mg. of choline have been analyzed with difficulty. An in- 
crease in the sensitivity of the reineckate method has been achieved by 
oxidation of the precipitate with alkaline peroxide and determination of 
the chromate colorimetrically (7). A comparable increase in sensitivity 
ean be obtained without this oxidation by making use of the very great 
absorption of ultraviolet light by choline reineckate. This is the basis of 
the method described in the present paper. 

Spectrophotometry of Choline Reineckate—The absorption spectrum of 
choline reineckate in acetone was determined (Fig. 1) with a Beckman 
spectrophotometer. In addition to the familiar broad absorption band 
with a maximum at 525 muy, choline reinecKate in acetone was found to have 
a much more intense absorption peak at 327 my, the molecular extinction 
coefficients being 5.82 X 10* at 327 my, and 0.12 X 10% at 525 mu. The 
Beer-Lambert law relating concentration and extinction is followed at 
both wave-lengths (Fig. 2). 


Procedure 


Samples to be analyzed are extracted with methanol in Bailey-Walker 
extractors for 24 hours. After evaporation of the methanol, 15 ml. of 
saturated barium hydroxide are added to the extracted lipids and refluxed 
for 2 hours. The hydrolysate is then brought to a pH between 4 and 5 
with glacial acetic acid, made to volume, and filtered. “ An aliquot of the 
filtratecontaining 50 to 400 y of choline is treated with an equal volume of 
sdturated recrystallized Reinecke salt, and the mixture is kept in an ice 
bath for at least 3 hours. Of the several methods investigated for the 
collection and washing of very small amounts of choline reineckate, the use 
of sintered glass filters kept chilled in an ice bath gave the best results in 
our hands. The precipitated choline reineckate is collected on the 


* Best Foods Fellow in Biochemistry. 
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Fia. 1 Fic. 2 
Fic. 1. Absorption spectrum of choline reineckate in acetone. Molecular extine- 


tion coefficient plotted against wave-length. 

Fic. 2. Relation between concentration and absorption. Choline hydrochloride 
was determined as indicated in the procedure and the absorption determined at 327 
my and 525 mu on the Beckman spectrophotometer. The values obtained at 525 mp 
were in 5 ml. of acetone, while those at 327 mu were in15ml. The choline hydrochlo- 
ride concentration is given in micrograms. 


TABLE I 


Determination and Recovery of Choline in 10 Ml. Aliquots from 25 
M1. of Hydrolysate 








| 
[Amount | Choline} Choline | Gyojine HC! in 





| 
os ear |e | SEE | Cotman 
mg. | y | Fie: ¥ ly per gm.| per cont 
Blank, not extracted.................. | e-hevredd. ¢ 
PN | | 250 | 105 | 262 105 
} Crude lecithin, not extracted. ........ | §& | 0 | 74 | 187 | 37.4 
“ et eeceeee] = 8 | 250] 170 | 425 | 96 
! III oc) 6 0ceudandatantonss | 25 | 0 | 122 | 305 | 12.2 
POT MO ee, b tieel est 2 | 25 | 250 | 220 | 580 98 
eR las: ac atecbbiccca.. | 100 | oO | 148 | 370 | 3.70 
a Py ci sarchukskas bi | 100 | 250 | 244 | 610 | 96 











| 





—-- -e @& Ha a = 


cw 2st & °. 


MO om wow 





R. J. WINZLER AND E. R. MESERVE 397 


chilled sintered glass by applying suction to the filter submerged in an 
ice bath. The precipitate, still in the ice bath, is ;washed with three 
2 ml. portions of ice-cold water saturated with choline reineckate at 0°. 
Failure to wash with water saturated with choline reineckate leads to low 
recoveries, since choline reineckate is appreciably soluble in cold water. 
As much water as possible is then removed from the filter and precipitate 
by continued aspiration. This is essential, because water absorbs much 
less strongly than acetone at 327 mu. 

The precipitate is dissolved by passing 15 ml. of acetone through the 
sintered glass filter, and the optical density then determined at 327 mu. 
Further dilution may be necessary if the sample contains more than 400 y of 
choline. If the sample contains more than about 1000 y of choline, readings 
can satisfactorily be made with a green filter and an ordinary photocolorim- 
eter. The amount of choline in the sample can then be determined 
mathematically in the usual manner, or from calibration curves such as are 
shown in Fig. 2. The accuracy of this method, is, in the range of 50 to 
400 y of choline hydrochloride, about +5 per cent. 

The results in Table I illustrate the applicability of the method to the 
determination of total choline in several materials. The recovery of 
choline added before extraction and barium hydroxide hydrolysis is seen to 
be satisfactory in all cases. The present method suffers from the same 
lack of specificity encountered with other reineckate methods, since a 
number of compounds forming insoluble reineckates are known. How- 
ever, as pointed out by Engel (3), Glick (6), and others, such interfering 
substances are largely eliminated by methanol extraction and barium 
hydroxide hydrolysis. Here, as in other reineckate methods, only total 
choline is determined. 


SUMMARY 


An increase in the sensitivity of the colorimetric determination of choline 
as the reineckate is achieved by employing ultraviolet light instead of 
visible wave-lengths, choline reineckate in acetone having an intense ab- 
sorption band with a peak at 327 mu. The method has an accuracy of +5 
per cent with samples containing 50 to 400 y of choline hydrochloride. 
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SODIUM PHENOLPHTHALEIN PHOSPHATE AS A SUBSTRATE 
FOR PHOSPHATASE TESTS* 


By CHARLES HUGGINS anp PAUL TALALAY 
(From the Department of Surgery, University of Chicago, Chicago) 
(Received for publication, March 16, 1945) 


Most of the determinations of phosphatase activity have been made 
with three substrates, glycerophosphate introduced by Kay (1), phenyl 
phosphate by King and Armstrong (2), and to a much smaller extent 
with hexose phosphate (3). Specifically ,a-and 6-sodium glycerophosphates 
(4) and disodium and dipotassium (5) phenylphosphates have been utilized 
as substrates. We propose the use of a soluble phenolphthalein phosphate, 
water-clear until enzymic decomposition, when phenolphthalein is liberated 
and determined quantitatively in a colorimeter. The advantages of the 
new method are simplicity and accuracy; determinations are made without 
preliminary separation of proteins and the number of technical manipula- 
tions is small. Further, the kinetics of alkaline phosphatase activity may 
be followed continuously without sampling and a record of hydrolysis in 
relation to time obtained. 

King (6) has synthesized several phosphoric esters which are colorless, 
or nearly so, and which liberate chromogen after phosphatase hydrolysis; 
among these are the calcium, lead, and barium salts of phenolphthalein 
phosphate. With these compounds King found that the ‘“‘rate of enzymic 
hydrolysis is too slow and that too large amounts of plasma are required 
for it to constitute the basis of a quick and accurate procedure.” This 
ingenious work of King is the basis of a qualitative test (7) for the pro- 
duction of phosphatase by certain genera of bacteria: a suspension of 
calcium phenolphthalein phosphate is incorporated in bacteriologic media 
upon which bacteria are inoculated; after growth for 18 hours or longer, 
ammonia vapor is blown over the culture with formation of a red color 
where phosphatase has been elaborated. 

The calcium, lead, and barium salts of phenolphthalein phosphate are 
not readily soluble in water. In this laboratory the sodium salt was 
prepared and found to be freely soluble, colorless, and stable, but rapidly 
hydrolyzed by small quantities of phosphatase. 


Synthesis of Sodium Phenolphthalein Phosphate 


The method of preparation follows the customary procedure for making 
organic phosphates, with special precautions to obtain a compound free 
* This investigation was supported by a grant from the Albert and Mary Lasker 
Foundation, Inc., and the Sidney and Frances Brody Foundation. 
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from uncombined phenolphthalein. Phenolphthalein is treated with 
phosphorus oxychloride in pyridine solution. The acid chloride is hydro- 
lyzed to phenolphthalein diphosphorie acid, and the latter is converted 
into its sodium salt. 


Method 


For 0.1 m quantities, these directions may be followed. To 32 gm. of 
phenolphthalein is added fairly rapidly with mechanical stirring a mixture 
of 50 gm. (30 cc.) of pure, dry phosphorus oxychloride in about 50 ce. 
of dry chloroform. Dry pyridine, 25 cc., is then added slowly, while 
stirring rapidly and cooling the reaction mixture with ice. The addition 
of pyridine should be regulated so that the reaction flask does not become 
hot. The mixture should be stirred for several hours and should be allowed 
to stand at least overnight to permit the reaction to go to completion. 
The degree of completion of the reaction may be determined by with- 
drawing small samples of the reaction mixture and adding excess alkali. 
The intensity of the red color is a measure of the amount of free unchanged 
phenolphthalein and serves as an index of the state of completion of the 
reaction. 

The reaction mixture is evaporated in vacuo at room temperature or 
with slight warming in order to remove most of the chloroform. About 
100 ec. of water are then slowly added with stirring and cooling. There 
is copious evolution of hydrochloric acid, and a white precipitate forms. 
Strong sodium hydroxide (40 per cent) is added until all the precipitate 
redissolves and the solution is alkaline to phenolphthalein; the small 
amounts of phenolphthalein in the solution serve as its own indicator. 

The alkaline solution is extracted twice with ether in order to remove 
pyridine. If the solution is too viscous, some water may be added, although 
it is desirable to keep the volume as small as possible in order to facilitate 
the later precipitation of phenolphthalein diphosphoric acid. The aqueous 
layer is acidified with concentrated hydrochloric acid until blue to Congo 
red. This precipitates phenolphthalein diphosphoric acid, which is a 
glistening, viscid mass. When precipitation is approximately complete, 
the supernatant solution is decanted and the free acid dried in vacuo over 
calcium chloride. The dry, crude phenolphthalein diphosphorie acid is 
ground in a mortar to a white powder. 

The powdered acid is dissolved in methanol, to which some pyridine 
has been added to increase the solubility. A solution of sodium ethoxide 
in ethanol, made by dissolving metallic sodium in absolute ethyl alcohol, 
is added until no further precipitation occurs. The sodium phenoiphthal- 
ein phosphate separates as a copious white precipitate which is filtered 
off or the supernatant decanted. The precipitate is washed with repeated 
changes of alcohol and ether, until it is quite dry. 
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The preparation at this stage should be white and give almost no color 
in alkaline solution. It is repurified by dissolving in a mixture of methanol 
(80 parts by volume) and formamide (20 parts by volume), reprecipitating 
with absolute ethanol, and washing the precipitate with ethanol and 
ether. Reprecipitation from aqueous solution is not so satisfactory, 
since the sodium salt comes down as a sticky mass. It has not been pos- 
sible to crystallize this compound in good yield; none of the preparations 
has contained free phenolphthalein, although inorganic phosphate is 
usually present in small amount. The sodium phenolphthalein phosphate 
should be kept dry, dark, and cold. Under these conditions it remains 
quite stable. 

Analyses of the most pure preparations have shown sodium, 11.68 per 
cent; total phosphorus, 9.46 per cent (calculated for CzoH;OnP2Nas; 
sodium, 19.0 per cent, and phosphorus, 10.24 per cent). Although the 
preparation to date is not pure and contains some free inorganic phosphate, 
this does not affect its serviceability in determining phosphatase activity. 

Principles Underlying Performance of Phosphatase Test—Phosphatase 
liberates from the colorless soluble ester the quinonoid structure on which 
the color of phenolphthalein depends, producing redness at alkaline pH 
in relation to the activity of the enzyme present; the color is intensified 
maximally, stabilized, and the enzyme inhibited by adding a buffer at 
an appropriate alkaline pH, containing a phosphatase inhibitor. 


EXPERIMENTAL 


Amount of Color of Phenolphthalein and Its Stability in Relation to pH— 
Phenolphthalein was dissolved in alcohol and diluted with water so that 5 
mg. were contained in 1 liter; 5 cc. of this solution were mixed with 5 cc. 
of 0.25 m glycine sodium hydroxide buffer at varied pH which was 
measured electrometrically and the light transmission determined with a 
540 muy filter; the colorimetric reading was recorded immediately, and 
after 1 hour, at room temperature. Maximum color was developed at 
pH 10.3 to 11.4, but solutions more alkaline than pH 10.9 faded appreciably 
in 1 hour (Fig. 1). 

Optimum pH for Acid and Alkaline Phosphatases with Phenolphthalein 
Phosphate As Substrate—The optimum rate of hydrolysis with varying pH 
for acid phosphatase in 0.2 N sodium acetate-acetic acid buffer at 37° 
was determined with human semen (1:100) as the source of enzyme; the 
amount of reaction product was measured as inorganic phosphate by the 
method of Fiske and Subbarow (8). The optimum activity was found 
to be between pH 5.5 and 6.0. 

Similar determinations were made for alkaline phosphatase in 0.1 
sodium barbital-hydrochloric acid (9) and in 0.1 m sodium borate-sodium 
hydroxide (10) at varying pH with an extract of cattle intestinal mucosa 
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phosphatase. The optimum activity was between pH 9.1 and 9.6. The 
activity optima were plateaus in the ranges stated for acid and alkaline 
phosphatases respectively. 

Inhibition of Phosphatase Activity-—Practically it is necessary rapidly 
to suppress enzymic activity at an arbitrary time while measuring the 
reaction products; it is required further that the inhibitors do not pre- 
cipitate proteins or interfere with the color. This may be done effectively 
by using an alkaline buffer containing sodium pyrophosphate which has 
been found to be an effective inhibitor of alkaline phosphatase (11). In 
the amounts stated in the test below, 0.25 m glycine-sodium hydroxide 
at pH 11.2 elevated a mixture of serum and acetate-buffered substrate 
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Fic. 1. Intensity and stability of phenolphthalein color at various pH in glycine- 
sodium hydroxide buffers. Colorimeter readings taken immediately on addition of 
buffer and after 1 hour. 


to pH 10.6 with a stable color. The same glycine buffer introduced into 
the stated amounts of serum and barbital-buffered substrate increased the 
pH to 10.9 and produced a color which was stable for 1 hour. 

Varying Concentrations of Substrate—With sodium phenolphthalein 
phosphate and a strong phosphatase preparation it was found that the 
rate of hydrolysis is independent of substrate concentration between 
0.0005 m and 0.002 m. Therefore, 0.001 m sodium phenolphthalein 
phosphate was adopted in this work. 


Kinetics of Hydrolysis and Definition of Units 


In all quantitative phosphatase tests it is assumed that the amount of 
product formed under standard conditions is proportional to the enzyme 














The 
ine 


f 

















C. HUGGINS AND P. TALALAY 403 


concentration, provided an excess of substrate is used. This was confirmed 
for phosphate liberated from sodium §-glycerophosphate and for phenol 
liberated from disodium monophenyl phosphate, in each case with a wide 
range of enzyme concentrations. In the case of the enzymic hydrolysis 
of sodium phenolphthalein phosphate, the relation between amount of 
phosphate liberated and enzyme concentration is entirely rectilinear, 
but the relation between phenolphthalein liberated as determined colori- 
metrically and the enzyme concentration is a parabolic curve. 

The shape of the curve was determined for both acid and alkaline phos- 
phatases with known dilutions with water of sera and seminal plasms 
containing high amounts of phosphatases; the same curves were obtained 
with known dilutions of human semen or serum as sources of acid phos- 
phatase and also dilutions of an intestinal mucosa phosphatase prepara- 
tion. The curves of phenolphthalein liberated relative to enzyme concen- 
tration were compared by defining the amount of enzyme which liberated 
1 mg. of phenolphthalein in 1 hour as 10 units; for each experiment. the 
relative enzyme concentrations were known from the dilutions which 
were made, and the enzyme concentrations in different experiments could 
then be compared by fixing the 10 unit point. In this manner, essentially 
identical parabolic curves were obtained for amount of product versus 
enzyme concentration for twelve different preparations of acid and alkaline 
phosphatases. p 

The reason for this discrepancy between the amount of phosphorus 
liberated and the amount of phenolphthalein as determined colorimetrically 
is not known. It is probably due to the existence of two hydrolytic 
products of phenolphthalein diphosphate. 

Analysis of the curve of color density versus enzyme concentration 
revealed that it is a strict parabola which. can be resolved into a linear 
graph by a plot of the log of color density expressed as mg. of phenol- 
phthalein against the log of the enzyme concentration. This curve is 
strictly linear over the entire range of enzyme concentrations investigated 
(Fig. 2). The slope of the curve relating the amount of phenolphthalein 
liberated and the enzyme concentration does not depend on the time of 
incubation between 30 and 120 minutes (Fig. 3). 

The linearity of the log-log plot enables the use of convenient units. 
We define 10 units of acid or alkaline phosphatase as the amount of enzyme 
which will liberate the colorimetric equivalent of 1 mg. of phenolphthalein 
from excess substrate in 1 hour at 37° under optimum conditions of pH. 

It is important to remember that there is not a linear relation between 
the units of phosphatase and the amount of phenolphthalein liberated for 
the reasons explained above. . 

In order to obtain the unitage, a log-log plot is made of log mg. of phenol- 
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phthalein liberated by 100 ce. of serum versus log enzyme concentration, 
The reference point of the plot is 1 mg. of phenolphthalein related to 10 
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Fic. 2. Log-log plot of mg. of phenolphthalein liberated by 100 ec. 
enzyme concentration in units per 100 cc. By definition of units 1 mg. of 
phenolphthalein is liberated by 10 units of enzyme. Composite plot of twelve experi- 
ments with various preparations of acid and alkaline phosphatases. 


units of enzyme. The plot is a straight line (Fig. 2), the slope of which 
may be conveniently determined experimentally as follows. 
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preparation of fairly high activity, e.g. a pathological serum, or urine from 
anormal young adult human male, is diluted to give a number of relative 
enzyme concentrations. These are run through the test and the amount 
of mg. of phenolphthalein liberated by 100 cc. of enzyme preparation is 
computed. A plot is made of mg. of phenolphthalein versus the enzyme 
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Fig. 3. Log-log plot of phenolphthalein liberated, expressed as colorimeter density 
and enzyme concentration in relative units at various times of incubation. 9 cc. of 
0.001 m sodium phenolphthalein phosphate in sodium barbital buffer (20.6 gm. per 
liter) plus 1 ec. of cattle intestinal mucosa phosphatase. Incubated at 37°, color read 
at 30, 45, 60, 90, and 120 minutes in an Evelyn colorimeter. 


concentration in arbitrary units on log-log graph paper (three cycles by two 
cycles will be found convenient). The points will lie on a straight line. 
The unit curve which is being determined is then a line parallel to the 
line found above, but passing through the point of definition of our unit, 
ie. 1 mg. = 10 units. The equation relating P, the number of mg. of 
phenolphthalein liberated by 100 cc. of enzyme solution, and U, the 
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number of units of phosphatase per 100 cc. of enzyme solution, is of the 
form, log U = K log P + C in which K and C are constants. If 10 units 
liberate 1 mg. of phenolphthalein in 1 hour, C = 1.00, and the slope of 
the graphical plot gives the equation, logio U = 1.00 + 0.581 logis P. 

The unit curve can be determined simply in any laboratory. For 
convenience the data of this curve may be compiled in a table, from which 
units can be read, if the amount of phenolphthalein liberated by 10 
cc. of enzyme preparation is known. 

If for any reason it becomes desirable to use an incubation time different 
from 1 hour, say 2 hours, and the unit of phosphatase activity is then 
defined as 10 units liberating 1 mg. of phenolphthalein in 2 hours, the 
same table and curve may be employed. 

Reagents 

Acid-buffered substrate solution. 11.70 gm. of sodium acetate, NaC2H;0;- 
3H,0, and 0.79 ce. of 99 per cent glacial acetic acid are dissolved in distilled 
water, 0.608 gm. of sodium phenolphthalein phosphate is added, and the 
mixture diluted to 1 liter. As a preservative 7.5 cc. of chloroform are 
added and the reagent is stored in a refrigerator. The solution is about 
0.001 m with respect to the substrate and has a pH of 5.4. 

Alkaline-buffered substrate solution. Mix 20.6 gm. of sodium barbital 
and 0.608 gm. of sodium phenolphthalein phosphate in distilled water 
and dilute to 1 liter. Add 7.5 ce. of chloroform, The pH of the solution 
is 9.7. 

Glycine buffer. A concentrated carbonate-free sodium hydroxide 
solution is prepared by adding carefully 100 gm. of sodium hydroxide with 
stirring to 100 cc. of water in a beaker immersed in water. Dissolve 9.19 
gm. of glycine (aminoacetic acid) and 7.17 gm. of sodium chloride in water; 
add 15 ec. of the concentrated sodium hydroxide solution and water to 
nearly 1 liter; then add 40 gm. of powdered sodium pyrophosphate 
(Na,P,0;-10H:O) and dilute to the mark. The pH is 11.2. 

Stock phenolphthalein solution. Dissolve 100 mg. of phenolphthalein in 
100 ce. of 95 per cent ethyl alcohol; keep well stoppered. 


Procedure 

The test is performed in well matched colorimeter tubes which are washed 
until they are scrupulously free from acids or alkalies used in cleaning. The 
rubber stoppers are boiled and freed from ‘“‘bloom,” since this contaminant 
has acted as a phosphatase inhibitor. A photoelectric colorimeter with 4 
light source filtered to 540 my wave-length was used throughout. 

Phenolphthalein Calibration Curve—Dilutions of stock phenolphthalein 
solution are made, for example 2, 4, and 10 cc. per liter of distilled water. 
5 ec. of each dilution are placed in a colorimeter tube and 5 cc. of glycine 
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buffer for color development for phosphatase tests. The color density 
is determined immediately after mixing in a colorimeter. The density is 
plotted against mg. of phenolphthalein per liter on graph paper and the 
points fall on a straight line. 

Phosphatase Tests—As a blank control 0.5 cc. of test solution is added 
to 5 ec. of distilled water and 4.5 cc. of glycine buffer and the density 
read in the colorimeter. The same tube serves as a blank for both acid 
and alkaline phosphatase determinations. 

Colorimeter tubes in duplicate or triplicate, each containing 5 cc. of 
the appropriate buffered substrate (acid or alkaline), are equilibrated in a 
water bath at 37° for about 5 minutes. The test solution is also warmed 
and 0.5 ce. is added to each tube which is rotated for mixing; it is advisable 
not to invert the solution. The mixture is incubated for precisely 1 hour, 
when 4.5 cc. of glycine buffer are added and the color density read immedi- 
ately. The light transmission for the corresponding control tube is 
previously adjusted to read zero on the colorimeter scale (100 on the 
Evelyn type colorimeter). The reading of the experimental tube measures 
the density of the color produced in the test. It is necessary to dilute 
the color in sera with high activity. A 4-fold dilution may be achieved 
in the colorimeter tubes (170 X 20 mm.), but if the color is very intense 
5 cc. of the solution are diluted with water to 50 cc. or 100 cc. in a volu- 
metric flask, and the color is read again against an equally diluted control. 
The dilution of the buffered solution with distilled water does not produce 
an appreciable pH effect on the color intensity. 

The pH of the system, serum and acetate-buffered substrate, is 5.6, 
and after adding glycine buffer is 10.6. The pH of the system, serum 
and barbital-buffered substrate, is 9.6, and after adding glycine is 10.9. 

Calculation of Results—The colorimeter reading of the test solution is 
converted to equivalent phenolphthalein concentration in mg. per liter, 
by means of the standard calibration curve. 

Mg. or a any liberated by 100 ce. of serum = observed concentration of phe- 
nolphthalein in mg. per liter X 
10 ec. 100 cc. serum _ 
1000 ce. ‘° 0.5 cc. serum 


2 X observed concentration of phenolphthalein in mg. per liter 


in which 10 cc. are total volume of test and 1000 cc. represent the volume 
of phenolphthalein standard. 

The density obtained in mg. of phenolphthalein per liter is therefore 
multiplied by 2, and the equivalent units of phosphatase per 100 cc. are 
read directly from Fig. 2 or a similarly constructed graph. 

All calculation can be eliminated if the phenolphthalein calibration 
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curve is modified by plotting twice the phenolphthalein concentration per 
liter against the colorimeter reading. 


Results 


Accuracy—In routine testing the accuracy of duplicate checks is within 
+2 per cent for normal human sera. 

Serum—The phosphatase levels of fifty-six normal adult humans (forty. 
one males aged 21 to 65 and fifteen females aged 21 to 50) were determined, 
For acid phosphatase, the average is 5.9 units per 100 cc. with a range 
of 3 to 10 units and the peak of the distribution curve lies between 40 
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Fic. 4. Distribution curves of normal human serum phosphatase values of fifty- 
six individuals of both sexes. Acid phosphatase average, 5.9 units per 100 cc. Alka- 
line phosphatase average, 9.5 units per 100 cc. 


and 6.0 units (Fig. 4). For alkaline phosphatase, the numerical average 
is 9.5 units per 100 cc. with a range extending from 3 to 15 units with a 
distribution curve peak at 7.0 to 9.0 units (Fig. 4). No difference between 
the sexes could be demonstrated in the sera on this small sample. 

In these laboratories 1 hour has been found satisfactory for most deter- 
minations on biological materials; 2 hours of incubation produce more 
accurate results for very low phosphatase values. The sera of fifty-nine 
normal persons (thirteen females aged 21 to 58 and forty-six males aged 17 
to 76) gave a mean average; for acid phosphatase 0.66 mg. and for alkaline 
phosphatase 2.57 mg. of phenolphthalein were liberated per 100 ce. of 
serum in 2 hours. 
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Milk—In testing cow’s milk, this fluid should be diluted with an equal 
quantity of water to facilitate transmission of light through the samples. 
Six samples of raw milk contained the following phosphatase values in 
units per 100 ce.; acid phosphatase 6.1 to 10.0 units; alkaline phosphatase 
46.2 to 84.0 units. Kay and Graham (12) have previously described the 
effects of pasteurization on phosphatases in milk. 





ALKALINE PHOSPHATASE 
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Fig. 5. Continuous study of alkaline phosphatase hydrolyses. Graphs obtained 
with three pathological and two normal human sera; also a dilute cattle mucosa 
phosphatase preparation. Incubation at 37°. Color read in an Evelyn colorimeter 
(540 my filter). 


Urine—Freshly voided urine of six young normal adult human males 
had the following values per 100 cc.; acid phosphatase 38 to 56.4 units; 
alkaline phosphatase 1.5 to 5.0 units. In a previous study of urinary 
phosphatases (13) with the method of King and Armstrong (2) it was 
found necessary to dialyze the urine to eliminate interfering chromogens. 
Dialysis is not necessary with the present method. 
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Continuous Study of Kinetics of Alkaline Phosphatases 


Since the optimum pH of alkaline phosphatase is more alkaline than 
the “end-point” of phenolphthalein (about pH 8.3), the progress of the 
enzymic hydrolysis can be observed continuously by reading the colo 
intensity with respect to time. A colorimeter of the Evelyn type was 
mounted in a 37° incubator, the galvanometer being outside where it was 
observed conveniently. The usual alkaline-buffered substrate was used, 
but no glycine was added. The reaction occurred directly in a color 
meter tube which was left in the colorimeter, and increases of density 
were observed continuously (Fig. 5). 


SUMMARY 


The synthesis of sodium phenolphthalein phosphate is described. The 
compound is easily soluble in water, contains no free phenolphthalein 
but, to date, is impure, being contaminated with a small amount of inor. 
ganic phosphate; it is, however, serviceable as a substrate for phosphatase 
tests. 

In phosphatase determinations with this substrate, color is directly 
measured without precipitation of proteins and with few technical opera- 
tions; the accuracy is within +2 per cent in duplicates. In addition to 
the convenience and accuracy of the method, the kinetics of alkaline 
phosphatase activity can be studied directly and continuously without 
sampling. 
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THE CHEMISTRY OF BONE FORMATION 


I. THE COMPOSITION OF PRECIPITATES FORMED FROM SALT 
SOLUTIONS 


By ADRIAN C. KUYPER* 
(From the Department of Biochemistry, Tulane University, New Orleans) 
(Received for publication, December 30, 1944) 


In a number of respects the composition of calcified tissue has been 
found to be similar to a precipitate formed from salt solutions super- 
saturated with respect to calcium phosphate. Both bone and precipitated 
basic calcium phosphate give similar x-ray diffraction patterns character- 
istic of the apatite structure (1). Carbonate is present in bone and in 
the precipitate formed from salt solutions even when the calcium carbonate 
solubility product is not exceeded (2). The substance which is first 
formed both in calcification and in precipitation from salt solution has 
been thought to be a dicalcium phosphate which is rapidly changed to a 
basic calcium phosphate (3). Adsorption and hydrolytic reactions appear 
to cause similar changes in bone structure and in calcium phosphate 
precipitates (2, 4). Differences between the inorganic composition of 
calcified tissues of the same animal, as well as their solubility behavior, 
have been attributed to the action of the tissue cells (5, 6). 

The experiments reported in this paper were performed with the purpose 
of determining the equivalent composition of precipitates formed from 
serum salt solutions in order that the precipitates might be more closely 
compared with bone. It was found that their composition varies with 
the composition of the solutions with which they are in contact. When 
in contact with a solution of the same salt composition as blood serum the 
precipitate has approximately the composition of bone or dentin. When 
in contact with a solution of the same salt composition as saliva, the 
precipitate has nearly the same composition as enamel. 


EXPERIMENTAL 


The precipitates which were analyzed were formed from solutions 
prepared by measuring out and dissolving in water the required amounts 
of potassium acid phosphate, calcium chloride, magnesium chloride, 
sodium bicarbonate, sodium chloride, and sodium citrate. In order that 
precipitates might form at physiological pH it was necessary that calcium 
and phosphate be present in excess of the amount present in the diffusible 

*Present address, Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit. 
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forms in blood serum. Sufficient sodium bicarbonate and sodium chloride 
were used to bring the bicarbonate content and ionic strength of the solu. 
tions after precipitation to the composition of blood. To prevent pre 
cipitation immediately upon the addition of sodium bicarbonate, the 
solutions were presaturated with carbon dioxide gas. The solutions were 
placed in a constant temperature bath at 38° and stirred continuously by 
bubbling through them a mixture of carbon dioxide and air. The pH 
was controlled by the amount of carbon dioxide in the gas mixture. Pre. 
cipitation occurred within 3 to 8 hours. 

The gas mixtures used in equilibration were prepared from air and 
carbon dioxide passed through capillary flow tubes. The pressures 
across the capillary tubes and the composition of the mixtures were readily 
controlled by allowing excess gases going into and leaving the capillaries 
to escape under suitable heads of water. Gases were saturated with 
water vapor at 38° before they were passed through the experimental 
solutions. 

At the end of the period of equilibration the precipitates were allowed 
to settle, the supernatant solutions were siphoned off, and the residues 
were transferred to centrifuge tubes and immediately separated by cen- 
trifugation and decantation. The wet precipitates were weighed and 
analyzed. Analytical values for the dry precipitates were obtained by 
correcting for the supernatant solution present in the wet precipitates. 

The carbonate present in the wet precipitates was determined by aera- 
tion in a closed circuit apparatus into a measured excess of sodium hydrox 
ide solution, precipitation with strontium chloride, and titration of the 
excess sodium hydroxide with standard potassium acid phthalate (7), 
The solutions obtained after removal of carbon dioxide were diluted to 
volume and used for further analyses. Calcium was precipitated as the 
oxalate from solutions previously neutralized with sodium acetate, washed 
twice with ammonia solution saturated with calcium oxalate, and titrated 
with permanganate (8). The results were corrected for the coprecipitation 
of small amounts, 2 per cent, of sodium oxalate (9). Phosphorus deter- 
minations (10) checked within 1 per cent. Repeated determinations of 
the ratio of calcium to phosphorus in samples of primary and secondary 
phosphate were within 2 per cent of the theoretical. Citrate was deter 
mined by precipitation with calcium phosphate (11), oxidation to acetone, 
and iodometric determination of the acetone (12). The details of this 
procedure have not been published. Magnesium was precipitated as 
magnesium ammonium phosphate (13) and determined colorimetrically 
(10). The pH was calculated from the composition of the gas mixture 
used in aeration and the bicarbonate present in the solution (14). 
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Results 


Table I gives the results of these experiments. The amount of carbonate 
in the precipitates varies with the amount of bicarbonate in the supernatant 
solutions (Experiments 1 and 2). It also varies inversely with the total 
amounts of calcium and phosphate in the supernatant solutions (Experi- 
ments 3 to 6, and 21 to 27). An increase in the ratio of calcium to phos- 
phorus in the supernatant solution (Experiments 7 to 12) is accompanied 
by an increase in the amount of carbonate in the precipitate, but this 
might be attributed to a decrease in the total equivalent amount of calcium 
and phosphate (figures not shown) rather than to a change in the ratio 
of calcium to phosphorus. Solutions with the same calcium to phosphorus 
ratio (Experiments 3 to 5, figures not shown) may be associated with 
precipitates of widely different carbonate content. A decrease in either 
the amount of calcium with the phosphorus remaining constant (compare 
Experiments 4 and 23 with Experiment 7), or a decrease of phosphorus 
with the calcium remaining approximately constant (compare Experi- 
ments 6 and 12), is accompanied by an increase in the amount of carbonate 
in the precipitate. Change in pH produced by change in partial pressure 
of carbon dioxide appears to have no pronounced effect on the composition 
of the precipitate (Experiments 13 and 14). Citrate, which has previously 
been 1eported to be precipitated under somewhat similar conditions (11), 
is also precipitated under the conditions of these experiments. The amount 
precipitated varies with the amount present in the supernatant solution 
(Experiments 15 to 17). The presence of physiological concentrations of 
magnesium in the precipitating solution markedly decreases the rate of 
precipitation of the calcium phosphate (Experiments 18 to 27). The 
amount of magnesium carried down in the precipitate varies with the 
amount of magnesium and the amounts of calcium and phosphate present 
in the supernatant solution. In all the experiments and especially in 
those in which equilibration was carried on for a short time in the presence 
of magnesium (Experiments 21, 22, and 28), the anions of the precipitate 
exceed the cations. This may be attributed partly to the inclusion of 
from 2 to 3 per cent of the total cations as sodium and potassium and also 
to precipitation of some of the phosphate as dicalecium phosphate (2). 


DISCUSSION 


In order that the composition of these precipitates might be compared 
with the composition of bony tissue, typical analyses of bone, dentin, and 
enamel reported in the literature were calculated to the basis of equivalent 
ratios and recorded in Table Ii. The composition of bone and dentin 
varies considerably, but in general it corresponds to the precipitates in 
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TaBie | 
Cc om po osition of Pre rec pci pilates Formed from Salt Solutions 
Composition of solutions, mg. per 100 cc. Composition of ppt. 


expressed as equivalent 





oot a Before pptn.* After pptn. ratios (Ca = 100) 
No — : auiiadaend 
| a |S 1 oe Pp Mg | Citrate ice pH | P CO: Mg . 

1/3 13 | 6.5) 3.0) 2.2 420 (7.5 85 20.6 

2/3 13 | 6.5) 2.7) 1.7 109 |7.5 | 88 13.3 

3 | 0.2 | 18 | 8.0) 14.4) 6.2 210 7.4 97 6.5 

4 | 0.3 /°18 | 8.0} 9.9] 4.3 210 |7.4. 91 11.7 

5 | 0.6 | 18 | 8.0) 4.7) 2.0 210 |7.4 | 87 14.8 

6 | 1.0] 18 | 8.0} 3.9 2.0 210 (7.4 88 15.5 

7|\3 10 | 8.0} 1.4) 4.0 20 7.5 91 14.0 

8 |3 11 7.5) 1.6) 3.1 210 |7.5 | 92 15.1 

9\3 12 | 7.0} 1.7) 2.3 210 |7.5 | 90 15.7 

10 3 13 6.5} 2.3) 1.8 210 7.6 8S 16.2 

11 3 14 6.0; 3.2) 1.3 210 |7.5 | 87; 18.0 

12 | 3 15 | 5.5! 4.1! 0.9 210 (7.5 | 81 19.5 

13. 4 12 | 7.0} 1.3} 2.2 210 |7.7 | 89 17.4 

14 | 4 17 | 9.6} 2.7) 2.5 210 |7.1 91 14.9 

5 | 3 17 | 7.0) 4.2) 1.5 1.5 | 210 |7.4 | 84 16.5 18 
16 | 3 13 | 11.0) 1.1) 5.4 0.8 | 210 7.4) 91 13.6 1.3 
17 | 3 17 | 7.0) 5.8) 2.1 3.4 | 210 |7.4 | 88 15.4 3.4 
is | 3 17 | 7.0) 11.0} 3.9 | 2.3 210 | 7.4 | 101 9.1) 5.5! 
19 | 3 13 | 11.0) 7.0) 7.6 | 2.3 210 7.4 107 6.7 6.7) 
2 | 3 17 | 7.0) 11.7} 4.0| 4.8 210 7.4 | 110 7.9 9.9| 
21 | 1 18 | 8.0| 14.5, 6.3) 2.6 | 2.6 | 210 | 7.4 | 108 7.6 6.1) 11 
2.132 18 | 8.0] 12.9) 5.3 | 2.6 | 2.7 | 210 | 7.4 | 105 7.6 5.6) 11 
3 | 3 is | go! 9.9 3.9! 2.5 | 2.3 | 20 |7.4| 98 10.5) 5.2] 11 
24 | 2 15 | 8.5| 5.61 3.9| 2.4 | 0.7 | 210 |7.4 | 95 11.4) 5.5] 07 
235 | 3 15 8.5} 3.3} 2.7| 2.4 | 2.3 | 210 |7.4 | 93 14.0) 4.8) 19 
26 | 4 18 | 8.0| 5.4/ 2.1| 2.5 | 1.3 | 210 |7.4 | 91 14.8) 4.0) 18 
7 | «6 18 | 8.0} 4.7) 1.8) 2.5 | 2.1 | 210 | 7.4 | 91 15.5) 4.0) 22 
28 | 0.2 | 14 | 19.0) 3.0) 12.8) 0.5 80 7.0 | 108 3.6 1.8) 
299 | 0.7 | 14 | 19.0} 2.2) 12.5| 0.5 8) 7.0 | 103 4.5 1.6) 
30 | 2.5 | 14 | 19.0} 1.3] 12.1 | 0.5 80 |7.0 | 101 5.6 1.8} 











* In addition, sodium bicarbonate and sodium chlovide were present in all soli- 
tions. Magnesium and citrate were present only in those solutions which show 
analytical values for these substances. Citrate was slowly decomposed during the 
period of equilibration. It was present initially in amounts ranging from 4 to § 
mg. of citric acid per 100 ec. of solution. To those solutions equilibrated for mor 
than 2 or 3 days it was added daily in an amount equivalent to 2 mg. of citric acid pet 
100 ce. of solution. 


contact with solutions containing about 3.5 mg. of phosphorus and 5.5 mg 
of calcium per 100 cc. of solution (Experiments 23 to 26, Table I). Thes 
are normal values of diffusible blood phosphorus and calcium (21); ionit 
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calcium and phosphorus are somewhat lower. Variations in the composi- 
tion of bone and dentin appear to be of such order of magnitude that 
they might be attributed to variations in the inorganic composition of the 
blood. The presence of a smaller amount of carbonate in the bones of 
young than of old animals (17) may be related to the larger amount of 
ealcium and phosphorus in the blood of the young animals. 

Dental enamel contains proportionately less magnesium, carbonate, 
and citrate than dentin or bone. This appears to be related to the pres- 
ence in saliva of smaller amounts of these substances than in serum. 
Saliva contains only 0.5 mg. of magnesium per 100 cc., about 80 mg. of 
sodium bicarbonate, and from zero to a few tenths of a mg. of citric acid 
(22-25). Although saliva contains very much more phosphorus, 15 mg. 
per 100 cc., than does serum, dental enamel contains about the same 
amount of phosphorus as dentin or bone. Precipitates formed from solu- 
tions of the inorganic composition of saliva (Experiments 28 to 30, Table I) 


’ Tasie II 


Composition of Calcified Tissues 





Composition expressed as equivalent ratios (Ca = 100) 





Biblio- 
g saphte P | CO: Mg Citrate 


reference 
No. 


Tissue 





Range Aver- 


Range age 





Bone. (15-17) | 81-98 | 89 | 9.5-14.3 
Dentin... (17-20) | 94-97 | 95 | 10.4-12.4) 
Enamel]. (17-20) | 90-95 | 92 | 4.8- 7.7 


0.5-2.5] 1.4 
| 0.9 
0.08 
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have the same composition as enamel except for a somewhat higher phos- 
phate and a lower carbonate content. The smaller phosphate content of 
enamel might be attributed to a hydrolysis such as occurs when calcium 
phosphate precipitates are allowed to stand in water for a long period of 
time (26). Close comparison between the composition of these precipi- 
tates and enamel appears to be unprofitable because of the rapid rate at 
which equilibrated solutions change composition and because of variations 
in the composition of saliva. The relationships which exist between the 
composition of these precipitates and the salt solutions with which they 
are in contact suggest that the integrity of tooth structure is dependent 
on the composition of the saliva. 


SUMMARY 


When calcium phosphate is precipitated from salt solutions under 
physiological conditions of pH, temperature, and ionic strength, the 
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composition of the precipitate varies with the composition of the pre 
cipitating solution. When calcium, magnesium, phosphate, bicarbonate, 
and citrate are present in the supernatant solution in the amounts in which 
they are present in serum ultrafiltrate, the precipitate contains theg 
substances in approximately the same molecular ratios in which they ar 
present in bone or dentin. When these substances are present in the 
supernatant solution in the amounts in which they are present in saliva, 
the precipitate contains them in roughly the same molecular ratios ip 
which they are present in enamel. 
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THE CHEMISTRY OF BONE FORMATION 


Il. SOME FACTORS WHICH AFFECT THE SOLUBILITY OF CALCIUM 
PHOSPHATE IN BLOOD SERUM 


By ADRIAN C, KUYPER* 
(From the Department of Biochemistry, Tulane University, New Orleans, and the 
Laboratory of Physiological Chemistry, The Ohio State University, Columbus) 


(Received for publication, December 30, 1944) 


With respect to their physiological behavior, the inorganic calcium and 
phosphate of blood appear to be in equilibrium with the bone salts. When 
the product of the concentrations of these two ions exceeds a certain value, 
bony tissue becomes more highly calcified; when it is less, decalcification 
takes place. When the concentration of one of these ions is either raised 
or lowered, the other changes reciprocally (1). 

This state of equilibrium has been only imperfectly reproduced, if at 
all, in inorganic salt solutions. Measurements of the solubility of calcium 
phosphate carried out in the presence of small amounts of the solid give 
values which vary from an extremely low solubility (2) to solubility equiva- 
lent to the calcium and phosphate present in the diffusible form in blood 
plasma (3). Since there is no adequate evidence to the contrary, these 
widely divergent values might be attributed to failure to reach true equi- 
librium. The most reliable measurements of the solubility of calcium 
phosphate, or of bone, have been made by the use of relatively large 
amounts of solid for equilibration. Solubility values obtained in this 
way by different investigators (4, 5) are not in good agreement but they 
amply demonstrate that the amounts of dissolved calcium and phosphate 
are much less than the amounts present in the diffusible forms in blood. 
This apparent difference in solubility is too large to be attributed entirely 
to the presence in blood of undissociated compounds such as calcium 
citrate (6) or creatine phosphate (7). 

The experiments reported in this paper represent the results of about a 
thousand determinations of the solubility of calcium phosphate performed 
with the purpose of reconciling the apparent difference in the solubility 
of calcium phosphate in salt solution and in blood serum. They show 
that reliable solubility measurements are obtained only when large amounts 
of solid phase are present in the equilibrium mixtures. They also show 
that precipitates of calcium phosphate formed from inorganic solutions 
vary considerably in solubility, in general being most soluble when first 
formed from dilute solutions. Citrate, magnesium, and pyrophosphate 

*Present address, Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit. 
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further increase this solubility. Precipitates formed from solutions 
containing citrate, magnesium, bicarbonate, and chloride, in the amounts 
present in blood, have for a few days following their formation a solubility 
which corresponds roughly to the inorganic calcium and phosphate of 








blood serum. 


EXPERIMENTAL | 


The procedure for the preparation of the calcium phosphate precipitates | 


and the methods of analysis were essentially the same as in Paper I (8), 
Solubility measurements were made at 38° in solutions which contained 
about 0.025 m sodium bicarbonate and sufficient sodium chloride to bring 
the ionic strength to 0.158. During the period of equilibration, solutions 
were shaken mechanically with an undulating motion as a carbon dioxide-air 


mixture was bubbled continuously through them. Samples for analysis | 


were siphoned off through a filter system which did not allow contact of 
the solutions with air. 

Pyrophosphate was determined by hydrolyzing a 5 or 10 cc. sample 
with 2.5 ec. of 2 N H2SQ, in a boiling water bath for 15 minutes, allowing 
the solution to cool to room temperature, and continuing with the deter- 
mination of orthophosphate. Additional orthophosphate formed during 
the hydrolysis represents pyrophosphate. The solubility product constant 
of tricalcium phosphate was calculated by means of the constants and 
formulae developed by Sendroy and Hastings (4) and used as a measure 
of the solubility of the precipitates. 

Influence of Amount of Solid Phase on Solubility of Calcium Phos- 
phate (Table I)—These experiments were designed to investigate the 
contradictory results obtained by other workers (2, 3) and to establish 
an experimental basis for measuring the solubility of calcium phosphate | 
precipitates. Calcium phosphate precipitate was added in increasing 
amounts to saline solutions which had been previously equilibrated at 
38° with a mixture of carbon dioxide and air. The systems were then 
equilibrated for 15 days. To obtain evidence as to whether or not equilib- | 
rium was reached the composition of the gas mixture used in aeration was | 
changed at the end of the 13th day of equilibration so that the pH was | 
either decreased 0.09 unit (Experiments 1 to 6, and 8) or increased 0.10 | 
unit (Experiments 7 and 9). The ion products calculated for the 15th | 
day of equilibration were based on the pH of the solution on the 13th day, 
before the composition of the gas mixture was changed. A decrease it 
the negative logarithm of the ion product during this period of equilibration 
indicates that some calcium phosphate was redissolved; an increase indi- 
cates that it was reprecipitated. 

The rate of precipitation of calcium phosphate varies with the amount 
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of solid calcium phosphate present in the solution. When no solid calcium 
phosphate was present, a solution which contained as much as 6.1 mg. of 
Ca and 3.5 mg. of P per 100 cc. (Experiment 1) formed no precipitate 
within the 15 days of the experiment, as shown by the constant value of 
the ion product. When a large amount of solid calcium phosphate was 
present, equilibrium was approached more rapidly from undersaturation 
(Experiments 7 and 9) than from supersaturation. Evidence that equi- 
librium was reached is adequate only in Experiments 7 to 9, in which nearly 
the same ion product constants were obtained at the end of the 13th day 


TaBie I 
Influence of Amount of Solid Phase on Solubility of Calcium Phosphate 


The concentrations are expressed in mg. per 100 cc. of solution. 





Negative logarithm of ion product, [Ca**]? X [PO® }’, after 


Initial composition* 'P ‘ 
equilibration for 

















Experi- = ‘ es = Pe ee j 
ment No. | Dissolved R.9 | > da salt 
—___—— phos- | 1 day 3 days 7 days 13 days | pH pte 

} P | Ca phatet | | 
1 | 35 | 6.1 0 | 23.46 | 23.51 | 23.45 | 23.48 | 23.50 
2 | 20 | 4.0 0 | 24.50 | 24.54 | 24.50 | 24.50 | 24.48 
3 | 20 | 40 | 3 | 24.54 | 24.50 | 24.59 | 24.62 | 24.50 
4 | 2.0 4.0 | 10 | 24.78 24.81 24.91 | 25.10 | 25.05 
5 2.0 4.0 25 | 24.96 | 25.14 | 25.34 | 25.59 | 25.49 
6 4.0 2.0 50 | 25.48 | 25.61 | 25.74 | 25.89 | 25.84 
7 0.0 0.0 50 | 26.59 | 26.49 | 26.57 | 26.54 | 26.66 
s 4.0 2.0 200 «25.89 | 26.14 | 26.22 | 26.35 | 26.18 
9 0.0 0.0 200 | 26.51 | 26.45 | 26.45 | 26.47 | 26.78 


: | 








* In addition to these substances each solution contained 0.026 m NaHCO; and 
sufficient NaCl to bring the ionic strength to 0.158. 

t The calcium phosphate precipitate was prepared about a month before from a 
solution which contained 25 mg. per cent of Ca, 12 mg. per cent of P, 0.72 gm. per 
cent of NaCl, and 0.26 gm. per cent of NaHCO. 

t For interpretation of these values see the text. 


when equilibrium was approached from both supersaturation and under- 
saturation, and in which the change in solubility product after the small 
change in pH indicated that a significant amount of calcium phosphate 
was either redissolved (Experiment 8) or reprecipitated (Experiments 7 
and 9). In Experiments 4 to 6, both in this series and in several other 
series of similar experiments not recorded here, very small amounts of 
calcium phosphate, scarcely beyond the limits of error of analysis, were 
redissolved during the last 2 days when the solutions were equilibrated 
ata more acid pH. The re-solution of these small amounts of calcium 
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phosphate appears to indicate that equilibrium was also reached in these 
experiments. This is entirely possible, since equilibrium may be obtained 
at different solubility levels (see Table II). It is difficult to prove, because 
solution or precipitation proceeds so slowly when these small amounts 
of solid are present. 

Effect of Concentration of Precipitating Solution and Age of Precipitate 
on Solubility of Calcium Phosphate (Table II)—Calcium phosphate pre- 
cipitates were allowed to form for the indicated lengths of time from solu- 
tions of sufficient volume to give about 0.8 gm. of precipitate. Each 
precipitate was equilibrated first for a day with 40 cc. of bicarbonate-salt 


TaBLe II 


Effect of Concentration of Precipitating Solution and Age of Precipitate on Solubility 
of Calcium Phosphate 


The concentrations are expressed in mg. per 100 cc. of solution. 




















Ppt. prepared Equilibrium approached 
Experi- | from solution | ig (eee ~ += REE ere 
, | a F ppt. | veem euperentusation 7 yoem underenturation 
a P Ca pH | pK’ep P Ca pH pK'sp 
days 
10 | 9 19 1 | 1.64 | 2.38 | 7.36 | 25.2 1.43 | 2.22 7.36 25.4 
ll 30 | 67 | l 2.35 | 1.48 | 7.39 | 25.4 | 2.55 | 1.21 7.39 25.6 
12 30 67 | 3 | 1.11 | 2.14 | 7.39 | 25.6 1.28 | 1.9] 7.39 25.6 
13 | 30 | 67 | 10 | 0.97 | 2.06 | 7.39 | 25.7 | 1.06 | 1.91 | 7.39 | 25.8 
14 | 30 | 67 | 20 | 0.83 | 1.83 | 7.39 | 26.1 | 0.97 | 1.76 | 7.39 | 26.0 
15 | 12 | 25 | 270*| 1.03 | 1.08 | 7.38 | 26.6 | 0.92 | 1.31 | 7.39 | 264 
16 6 | 18 9 1.03 | 2.48 | 7.41 25.4 1.10 | 2.38 7.44 25.4 
17 | 9 22 +) 0.72 | 2.77 | 7.41 | 25.6 | 0.79 | 2.52 7.44 25.6 
18 | 9 14 9 2.36 | 1.21 | 7.40 25.6 | 2.00 | 1.38 7.42 25.5 
19 2 | 47 9 | 0.60 | 2.97 | 7.42 | 25.6 |°0.62 | 2.58 | 7.44 | 25.7 
20 20 41 9 1.45 | 1.60 | 7.41 25.7 1.45 | 1.52 7.43 25.7 
21 40 94 | 9 0.51 | 2.72 | 7.46 | 25.8 | 0.54 | 2.87 7.44 25.7 





* Kept for about 8 months in a stoppered flask. 


solution which contained initially 4 mg. of Ca and 2 mg. of phosphorus 
per 100 cc. of solution (equilibrium approached from supersaturation), 
then for another day with 40 cc. of bicarbonate-salt solution which con- 
tained 2 mg. of Ca per 100 cc. of solution and no phosphate (equilibrium 
approached from undersaturation). Supernatant solutions and precipi- 
tates were separated from each other by means of a siphon and 
by centrifugation. 

The solubility varies primarily in inverse relation to the age of the 
precipitate, extending from pK’,, 25.2 to 26.6 (Experiments 10 to 15). 
The smaller solubility of the precipitates formed from the more concen- 
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trated solutions (Experiments 16 to 21) is probably attributable to more 
rapid formation of the precipitate. Solubility is essentially independent 
of the ratio of calcium to phosphorus in the supernatant solution (Experi- 
ments 17 to 20). In each experiment, the nearly identical solubility 


TaB_eE III 
Effects of Citrate, Magnesium, and Pyrophosphate on Solubility of Calcium 
Phosphate Precipitates 
The concentrations are expressed as mg. of P, Ca, Mg, and citric acid per 100 cc. 
of solution. 



































| Equilibrium approached 
Ppt. prepared from solution containing | From 
Experi- Age of From supersaturation jundersat- 

ment | ppt. | uration 

No. - — — 

Ortho- | ia Pyro- | 
phos- | Ca Mg | Citrate! phos- P Ca pH pK’sp pK'sp 

phate | | phate | 

ne | | | days | | | 
2/9/20 1/0 | 0 jo | 1.5} 1.21 | 2.72 | 7.38 | 25.2 | 25.5 
3 | 9 | 20 | 0 6 (0 | 1.5} 1.67 | 3.48 | 7.35 | 24.7 | 24.7 
4 | 9 | 2/0 | 144 |0 | 1.5} 2.00 | 3.80 | 7.32 | 24.5 | 24.4 
25 | 9 | 20 | 25] 0/0 1.5 | 1.67 | 3.02 | 7.35 | 24.9 | 25.1 
6 | 9 | 2 | 5.0 0 |0 1.5 | 3.03 6.62 | 7.40 | 23.2 | 23.5 
a7 | 9 | 0/25) 6 /0 | 1.5 | 4.94 | 2.44 | 7.32 | 24.6 | 24.6 
~| 9] 19/25] 7/0 | 1.5] 4.12 | 6.34] 7.30] 23.1 | 24.3 
9 | 9 | 19 | 25))7 |0 | 1.5] 4.20 | 8.82 | 7.39} 22.6 | 23.7 
30 9/19 |25/ 7/0 | 1.5 | 5.17 | 3.02 | 7.39 | 23.8 | 24.6 
|] 9/19/25] 7/0 | 1.5] 2.82 | 3.08 | 7.38 | 24.3 | 24.7 
32 8 | 17 | 25] 7 |0 | 1.5} 4.50 | 2.88 | 7.35 | 24.1 | 24.4 
3 | 8 | 19 | 25] 7/0 | 1.5| 4.70 | 2.51| 7.32 | 24.3 | 24.6 
34 9/19 |0 | 0 |O |18 | 1.22 | 1.51 | 7.32] 26.1 | 26.1 
35 9 | 19 | 5.0; 0 [0 | 18 | 1.23 | 3.88 | 7.34 | 25.1 | 26.1 
36 11 | 2/7.) 0 |}0 |13 | 1.50 | 4.47] 7.31 | 24.6 | 24.6 
37 15 | 32 | 5.0] 10 |0 13 | 1.52 | 3.20 | 7.41 | 24.8 | 24.8 
% | 15 | 33 | 5.0 | 10 | 1.0 | 13 | (1.74 | 3.34 | 7.41 | 24.6 | 24.4 
39 | 15 | 36 | 5.0 | 10 | 3.0 | 13 | 3.07 | 9.99 | 7.45 | 22.6 | 22.6 
40 | 15 | 39 | 5.0 | 10 | 5.0 | 13 | 3.25 | 9.95 | 7.45 | 22.5 | 22.5 
1 | 15 | 32 | 5.0 | 10 | 0.5*| 13 | 1.79 | 3.12 | 7.41 | 24.7 | 24.8 








* Added as thiamine pyrophosphate. 


values obtained when equilibrium was approached from supersaturation 
and from undersaturation show that the system was in equilibrium. 
Effects of Citrate, Magnesium, and Pyrophosphate on Solubility of Calcium 
Phosphate Precipitates (Table II1I)—The procedure for the preparation 
of the precipitates and the determination of their solubility was essentially 
the same as has been described. Magnesium was added as magnesium 
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chloride to both the solutions from which calcium phosphate was pre- 
cipitated and to the solutions in which the solubility was measured.  Citrie 
acid, added as sodium citrate, was rapidly decomposed during the period 
of precipitation. When precipitation proceeded for more than 2 days, 
the concentration was maintained at about 2.5 mg. per 100 ec., the amount 
present in blood (9), by the daily addition of about 3 mg. of sodium citrate 
per 100 ec. of solution. Citric acid was present initially in a concentration 
of 4 mg. per 100 ce. in the solutions used to test solubility; in Experiment 
24 it was present in twice this concentration. During the periods of 
equilibration the citric acid concentrations decreased to less than 1 mg, 
per cent. The addition of metaphen in amounts sufficient to give a con- 
centration of 1 part in 400,000, or 0.25 gm. of thymol, prevented the 
development of a turbidity on long equilibration, which was difficult, to 
remove by filtration. Inorganic pyrophosphate was precipitated from 
the solutions along with orthophosphate and could not be detected in 
the supernatant solutions (less than 0.2 mg. ef pyrophosphate phosphorus 
per 100 ce. of solution). It was not added as such to the solutions used 
to determine the solubility of the precipitates. 

The solubility of calcium phosphate increases with the amount of citrate 
(Experiments 22 to 24) and with the amount of magnesium (Experiments 
25 and 26, and 34 to 36) in the equilibrium mixture. When both magne- 
sium and citrate are present, the effects are additive and the amounts 
of dissolved calcium and phosphate correspond roughly to the amounts 
present in the ultrafiltrate of blood plasma (Experiments 27 to 33). This 
effect of magnesium and citrate on solubility was not as pronounced when 
the precipitates were equilibrated 13 days instead of 1.5 days. Inorganic 
pyrophosphate has no very pronounced effect until it is present in an 
amount equal to about one-fifth of the orthophosphate (Experiments 
37 to 40). Thiamine pyrophosphate has no effect when present in an 
amount much larger than in the blood plasma (Experiment 41). When 
present in an amount equivalent to 1.0 mg. of phosphorus per 100 ce., 
it greatly increases the solubility of calcium phosphate (not shown in 
Table ITI). 

DISCUSSION 

The changes in solubility of calcium phosphate with age of the precipitate 
parallel changes in composition of the precipitate previously demonstrated 
(8), and can reasonably be attributed to these changes. The effects of 
magnesium and citrate are larger than would be expected on the basis 
of their formation of slightly dissociated magnesium phosphate (10) and 
calcium citrate complexes (6) respectively. Both citrate and magnesium 
probably affect solubility by inclusion in and alteration of the structure of 
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the precipitate. Magnesium appears to decrease the rate at which the 
composition of the precipitate is changed, after it is first formed from 
solutions of high concentrations of calcium and phosphate (8). The 
solvent action of magnesium on these precipitates furnishes a theoretical 
basis for reports that magnesium decreases the incidence of kidney stones 
(11), that high salivary magnesium is associated with dental caries (12), 
and that serum magnesium rises in alkalosis (13). 

The pK’,, of tricalcium phosphate calculated on the basis of the amounts 
of calcium and phosphate found in serum ultrafiltrate, 5.4 and 4.0 mg. per 
100 cc. respectively (1), and a pH of 7.38, is 23.3. When calculated on 
the basis of ionic calcium and inorganic non-creatine phosphate, about 
48 and 1.5 mg. respectively (14, 7), the pK’,, is 24.3. The average value 
for precipitates formed in the presence of citrate and magnesium, and 
about 3 days old, is 24.1 (Experiments 27 to 33). Precipitates of this 
age have about the same composition as dentin or bone (8). It is possible 
that younger precipitates have a still higher solubility, but this is probably 
limited by the solubility of dicalcium phosphate. 

The marked effects of pyrophosphate are observed when pyrophosphate 
is present in the precipitate but cannot be detected in the supernatant 
solution. Inorganic pyrophosphatase is present in high concentration 
in blood cells and muscle tissues (15, 16) and inorganic pyrophosphate 
has been reported to be present in muscle after exercise (17). If high levels 
of calcium and phosphate in blood serum are maintained by inorganic 
pyrophosphate, calcium pyrophosphate should be present when calcified 
tissue is in contact with tissue fluid. In experiments not recorded in this 
paper it was determined that the bone substance dissolved by a short 
exposure of fresh bone to hydrochloric acid solution did not contain meas- 
urable amounts of pyrophosphate. 


SUMMARY 


Calcium phosphate is precipitated from solutions of the serum salts 
when calcium and phosphate are present in excess of the amounts found 
in serum ultrafiltrate. When precipitation has once begun, it continues 
until the amounts of calcium and phosphate in the supernatant solution 
are much less than the amounts present in serum ultrafiltrate. 

The calcium phosphate which is precipitated from serum salt solutions 
has a varying solubility. It is most soluble when first formed from dilute 
solutions; the solubility decreases as the precipitate remains in the solution. 
Reliable solubility measurements require the presence of large amounts 
of solid in the equilibrium mixtures. Solubility values were established 
by approach from both supersaturation and undersaturation. Changes 
in solubility may be attributed to changes in the composition of 
the precipitate. 
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The presence of magnesium and citrate in the precipitate and in the 
supernatant solution increases the solubility of calcium phosphate pre- 
cipitate. When these substances are present in the supernatant solution 
in amounts equivalent to their concentrations in serum, the solubility 
of the precipitate measured a few days after its formation corresponds 
closely to the amounts of ionic, and approaches values of diffusible calcium 
and phosphate in blood serum. 

The presence of pyrophosphate in the precipitating solution increases 
the solubility of calcium orthophosphate. Inorganic pyrophosphate is 
precipitated and cannot be detected in the supernatant solution. 


The author is indebted in Dr. D. F. Robertson of Merck and Company, 
Inc., for a supply of thiamine pyrophosphate. 
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THE EXCRETION OF “FOLIC ACID” THROUGH THE SKIN 
AND IN THE URINE OF NORMAL INDIVIDUALS* 


By B. CONNOR JOHNSON, T. 8. HAMILTON, anp H. H. MITCHELL 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, April 13, 1945) 


A preliminary study by Wright et al. (1) with the Streptococcus lactis 
R procedure (2) indicated that human urine contains only small amounts 
of “folic acid.” They reported 0.0047 to 0.0064 y (2) perce. Ina more 
complete study Wright and Welch (3) reported the folic acid analyses of 
forty-two samples of urine from fifteen individuals with the Lactobacillus 
casei procedure (4). They reported 0.0038 to 0.0238 mg. (average 0.0108) 
excreted per day and stated, ‘Evidently folic acid is unlike other members 
of the vitamin B complex in that only a trace appears in the urine of man 
(<1 per cent. of the probable dietary intake).” 

In our work or. the effect of temperature on the excretion of various 
nutrients through the skin and in the urine, we have found the dermal 
excretion of thiamine, pyridoxine riboflavin, nicotinic acid, pantothenic 
acid, biotin, and choline to be practically negligible as compared with 
urinary excretion. However, folic acid has proved to be an interesting 
exception, in that more has been found to be excreted in the sweat under 
hot environmental conditions than in the urine. 


EXPERIMENTAL 


Four adult male subjects, age 21 to 28 years, were maintained for 8 
hours per day under hot moist conditions (37.7°, 70 per cent relative 
humidity) for two 5 day periods. The subjects were kept on a constant 
diet throughout the experiment. During the second experimental period 
the diet was supplemented with 5.3 gm. of brewers’ yeast per day, repre- 
senting 5.5 y of added free folic acid (5), or 1.06 mg. of total folic acid (6). 

Daily (24 hours) urinary collections were made throughout the 5 day 
periods and composite samples for each subject were analyzed for folic 
acid. Complete 8 hour sweat collections were made each day and the 
samples combined as in the case of urine. All samples were preserved 
with acetic acid and stored in the refrigerator. 

The urine and the samples of sweat plus body washings were analyzed 
for folic acid with the Streptococcus lactis procedure of Luckey, Briggs, 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Illinois. 
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and Elvehjem (7) and the Lactobacillus caset procedure of Landy and 
Dicken (4). Two standards were used for these assays; one was a folie 
acid concentrate kindly supplied by Dr. R. J. Williams of the University 
of Texas and the other was a solution of the “Lactobacillus casei factor” 
kindly supplied by Dr. E. L. R. Stokstad of the Lederle Laboratories, Ine, 

The daily excretions of folic acid in the urine (24 hours) and in the 
sweat (8 hours), as determined by both organisms, are reported in Table I 
in terms of Williams’ folic acid concentrate (micrograms (2)). The ratios 
of the hourly dermal to the hourly urinary losses are also given in Table I. 

On the day following each experimental period, undiluted sweat was 


TaABLe I 


Daily Excretions of Folic Acid in Urine and in Sweat 

















Lactobacillus casei assay Streptococcus lactis assay 
: . 3 | Ratio, derma]} Ratio, dermal 
Period No. Subject | Dermal Urinary | tourinary | Dermal | Urinary | to urinary 
loss, loss, | excretion of loss, loss, excretion of 
8 hrs. 24 hrs. folic acid 8 hrs. 24 hrs. folic acid 
| per hr. per hr. 
7 ¥ 7 
I. No dosage C 45 15 9.0 20 i 8.6 
D 38 eS 4 2.2 22 12 5.5 
E 26 15 §.2 20 7 8.6 
F 27 1] 7.4 15 6 7.5 
Average. 34 23 5.95 i9 s 7.5 
II. Yeast dosage Cc 29 20 4.35 18 7 7.7 
D 38 58 2.0 17 14 3.6 
bk 12 | @W 1.8 9 8 3.4 
F 28 12 7.0 14 6.5) 6.5 
Average. 7 pS 3.8 14 9 5.3 
as (both periods)..| 30 25 4.9 17 8 6.4 





collected under the same hot moist environmental conditions. These 
samples were preserved and analyzed as before. The folic acid concen- 
tration of these sweat samples is given in Table II. 

When Lactobacillus casei factor (Stokstad) was used as a reference 
standard in place of folic acid (Williams), the values obtained were 18 
(1.6 to 2.1) times as high. This increase in values is due to the fact that 
L. casei factor was slightly more than half as active as was folic acid for 
the growth of L. casei. The curve for the L. casei factor with both L. 
casei and Streptococcus lactis was markedly sigmoid, little increase in 
growth being observed until a threshold level was present. The values 
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obtained with the L. casei factor (Stokstad) standard with S. lactis as 
the assay organism were approximately 15 times as high as those with 
the folic acid (Williams) standard. This relative inactivity of L. casei 
factor for S. lactis has been reported several times (8). 


DISCUSSION 


The most interesting aspect of the results appears to be the relatively 
large excretion of folic acid through the skin, as compared to the urinary 
excretion under profuse sweating conditions. As shown in Table I, the 
average ratio of skin excretion to urinary excretion is 4.9 with Lactobacillus 
casei and 6.4 with Streptococcus lactis. This ratio for some of the other B 


TaBLe II 
Folic Acid Concentration of Undiluted Sweat 


























Period No. Subject Lactobacillus casei assay Streptococcus lactis assay 
= Sige a ¥ per cc. y per cc. 
I C 0.0089 0.0062 
D 0.031 0.013 
a 0.0062 | 0.0053 
F 0.0046 0.0023 
Average..... ray eye ’ 0.0127 0.0067 
II Cc 0.0024 0.0027 
D 0.0095 0.0051 
E 0.0018 0.0042 
F 0.0058 0.0033 
Average . a 0.0049 0.0038 
(both periods). 0.0088 0.0053 





vitamins is by comparison! 0.48 for nicotinic acid, 0.24 for pantothenic 
acid, and 0.5 for pyridoxine; that is, the ratio is one-tenth to one-twentieth 
that for folie acid. 

However, as reported by Wright et al. (1, 3), we also have found that 
human urine contains only very small amounts of folic acid. Thus if 
the human requirement for folie acid is 0.5 to 1.0 mg. units, as suggested 
by Williams (9), even the total Streptococcus lactis-active folic acid excre- 
tion for 24 hours under sweating conditions (approximately 0.06 mg. 
unit per 24 hours for the sweat and urine) apparently would not affect 
materially the folic acid requirement. 

Since this work was completed, several reports (6, 10-12) have appeared 


‘Unpublished data. 
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showing that many sources of folic acid contain a conjugate which can be 
hydrolyzed by the enzyme “vitamin B, conjugase” (11, 12). It seemed 
possible in view of these findings that the low urinary folic acid excretion 
might be due to the excretion of folic acid in urine largely as a conjugate. 

This postulate has been tested by the action of a vitamin B, conjugase 
preparation prepared from hog kidney by the method of Bird et al. (11) 
on pooled urine samples, as well as on yeast extract (Difco) which was 
used to test the activity of the enzyme preparation. The values obtained 
are given in Table ITI. 

From Table III it is evident that there is no folic acid conjugate, such 
as that present in yeast, being excreted in urine. We have also found, 
as reported by Wright and Welch (3), that the folic acid content of urine 
is not increased by digestion with taka-diastase. 














TaBLeE III 
Effect of Enzyme Digestion on Folic Acid Content of Hog Urine 
Sample Enzyme treatment Folic acid content 
y per gm. 
Yeast extract None 13 
“ a | Treated 60 
Pooled Urine 2 None 0.010 
os * 2. Treated 0.009 
= om 3 None 0.010 
- ~, 3 Treated 0.0092 
* SUMMARY 


1. It has been shown that the human excretes folic acid in the sweat 


as well as in the urine. 

2. Approximately 5 times as much active folic acid as determined by 
Lactobacillus casei was excreted per hour in the sweat as in the urine, and 
about 6 times as much as determined by the Streptococcus lactis assay 


under conditions of profuse sweating. 
3. The amount of folic acid found in urine was not increased by incuba- 


tion with vitamin B, conjugase. 
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SOME AMINO ACID ANALYSES OF HEMOGLOBIN AND 
B-LACTOGLOBULIN 
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(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 18, 1945) 


Quantitative determinations of aspartic and glutamic acids, leucine, 
glycine, lysine, arginine, phenylalanine, and tyrosine have been made by 
the isotope dilution method (1) on acid hydrolysates of horse hemoglobin. 
Two specimens of 8-lactoglobulin have been similarly examined for the 
first five of the amino acids mentioned. A summary of the results of the 
analyses is given in Table I, together with some analyses from the literature 
for comparison. The data and experimental observations from which the 
results in Table I were calculated are given in Tables II and III. 


EXPERIMENTAL 
Materials 


The standard isotopic amino acids were synthesized in this laboratory 
and were of satisfactory purity as evinced by analysis for C, H, and N; also 
for Cl in the cases in which the amino acid was used as its hydrochloride 
(lysine, arginine, and glutamic acid) and by specific rotation in the case 
of the /(+-)-glutamic acid. 

The horse carboxyhemoglobin was prepared from sedimented and washed 
cells by electrodialysis. The crystalline material was twice recrystallized. 
It appears homogeneous in electrophoresis. The dry protein had 0.334 
per cent Fe and 16.8 per cent N. For the analyses the air-dried protein 
was weighed and corrected for moisture (5.6 per cent). 

Sample A of the 6-lactoglobulin was a twice crystallized preparation 
kindly given us by Professor R. K. Cannan. It was received as a moist 
paste. The amount available for analysis was 7.05 gm. of protein, as 
determined by Kjeldahl analysis, 15.6 per cent being taken as the nitrogen 
content of this protein (9). Sample B was part of a preparation presented 
to Dr. E. Brand of this Department by Dr. G. Haugaard to whom we 
convey our thanks. It was weighed as an air-dried powder having 6.3 
per cent moisture. 


Procedure 


The essential operations in the isotope dilution method as used in this 
work are (1) hydrolysis of a weighed sample of protein for 18 to 20 hours 
431 
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with 15 to 20 times its weight of boiling 6 n HCl, (2) addition to the hydro- 
lysate of a weighed amount of isotopic dl-amino acid whose N™ excess is 
known, (3) isolation from the hydrolysate of a specimen of the natural 
(1) isomer of the amino acid in a high state of purity, (4) determination 
of N® excess in the isolated compound by the mass spectrograph. 

In practice several different amino acids may be determined in the same 
hydrolysate. 

The addition of dl isotopic compounds to the hydrolysate necessitates 
the isolation of a specimen of the pure | isomer from the solution which 























TaBLe [ 
Amino Acids of Horse Hemoglobin and 8-Lactoglobulin 
| Hemoglobin 8-Lactoglobulin 
Amino acid | Value Bie. | This work ine Biblio- 
: SS. $$$ r | 
This work heme | reler- | Sample | Sample litera- *reler- 
ture ence A B ture ence 
2 -|—_— 
| residues residues 
p er 
anle® ious pa | ente* jad | pd } | 
Glutamic | 39 | 8.5] 6.8 |(2) 55 | 19.1) 19.0 | 21.5 | (3) 
| 19.0 T 
| | | | | 118.7] (4) 
Aspartic | 52 | 10.3| 9.3 |(2) 366 11.3} 11.2] 9.9} ©) 
| | | | | (11.0) + 
Leucine | 77 | 15.1 | 15.7 |(5) 50 | 15.6 | 15.7 | 15.4] (6) 
Glycine | 50 | 5.6 1.5] 1.5 | 
Lysine | 399 | 8.6| 8.1/6) | 33 | 1.4/1.4] 9.8] @) 
Arginine | 14 | 3.7] 3.7 |(@, 7) | | | 
Phenylalanine | 27 | 6.8 | 
Tyrosine | il | 3.0} 3.2 |(8) 


| 





* The molecular weights of hemoglobin and 8-lactoglobulin are taken to be 66,700 
and 42,000, respectively. 
7 Snell, E. E., personal communication. 


contains both 1 and d. In some cases the racemic compound is less soluble 
than the desired / component and cannot be removed by recrystallizations. 
For each different amino acid sought, some preliminary work must therefore 
be done to find a way to isolate a specimen of the l isomer. Because of this 
and also because it is essential that the compounds brought to isotope analy- 
sis be in a high state of purity (or at least free from other nitrogen com- 
pounds), it seems necessary to outline briefly the procedure for the isolation 
of each amino acid. 

The purification of each compound isolated from the hydrolysate was 
effected by recrystallizations under conditions known to lead to the pure 
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Two or more recrystallizations were made after the correct 


specific rotation was attained. The purity of the compounds was estab- 
lished by (1) constancy of isotope concentration at successive stages of 


Analyses of Horse Hemoglobin 


TABLE II 
































| N15 excess in compound isolated 
Amino acid added at successive stages of 
recrystallization 
Experi- ——eeEE | a 
ment | Amount | 
No. | of No | Mean 
Compound l-amino | excess | (C) (C) 
77) (Co) values 
4) (2) | @ | @ | (s) | (6) 
as . ae ae = | alom | alom 
gm. per | atom per cent | per 
| cent | cemt 
4 |Tyrosine (0.0740 | 6.85 | 0.694, 0.693, 0.710 |0.699 
5 a (0.0734 | 6.85 | 0.602, 0.602 (0.602 
7 (0.0768 | 6.85 | 0.645, 0.654, 0.647 (0.649 
4 |Phenylalanine |0.0739 | 6-79 | 0.324, 0.320, 0.327 0.324 
5 “ (0.1296 | 6.79 | 0.466, 0.478, 0.472 0.472 
7 “ 0.1522 | 6.79 | 0.552, 0.563, 0.563 0.559 
1 |Arginine (0.0850 | 8.72 0.845, 0.831 0.838 
4 as 0.0710 | 8.72 | 0.722, 0.697 0.720 
5 - (0.0614 8.72 | 0.530, 0.527, 0.529 |0.529 
7 |Lysine 0.1372 | 9.09 | 0.559, 0.557 0.558 
8 «“ (0.1542 | 9.09 | 0.674, 0.667, 0.671 |0.671 
ll a 10.1430 | 9.09 | 0.690, 0.691, 0.691 |0.691 
5 |Glutamic acid |0.2030 | 4.52 | 0.383, 0.384, 0.381 |0.383 
7 ee ‘* 10.2211 | 4.52 | 0.437, 0.440, 0.435 |0.437 
8 a 0.2446 | 4.52 | 0.528, 0.528, 0.528 /0.528 
8 |Aspartic 0.1642 | 6.75 | 0.452, 0.449, 0.450 0.450 
11 a ‘10.1420 | 6.75 | 0.421, 0.426 0.424 
8 |Glycine ‘1.1869 | 1.15 | 0.570, 0.574, 0.565 |0.570 
ll a (0.3498 | 3.38 | 0.791, 0.789, 0.787 (0.789 
2 |Leucine (0.0767 | 6.73 | 0.646, 0.642, 0.626 /0.638 
3 . (0.0621 | 6.73 | 0.547, 0.552, 0.537 0.545 
6 “ 0.0300 | 6.73 | 0.507, 0.508 0.508 
107 - 0.0210 | 6.73 | 0.525 0.525 








(21.65 
125.60 
24.58 
21.65 
25.60 
24.58 
21.60 
21.65 
25.60 
24.58 
22.13 
20.39 
25.60 
24.58 
22.13 
22.13 
20.39 
22.13 
20.39 

4.85 

4.69 

2.44 

1.65 








Amino acid 
r, protein* 
) 
(¢-1)x 


100A 


B 


(8) 


per cent 


3.0 
3.0 


~ os 
Sr aoantans 3 © 


aaa 
Sw 
i 


10.4 
5.5 
5.6 

15.1 

15.0 

15.1 

15.0 





* The values in Column 8 are calculated from the mean values of (C) which are 


shown in Column 6. 


t Hydrolysis continued for 94 hours. 


recrystallization, (2) melting point in the cases of benzoylglycine, dibenzoyl- 
lysine, and the benzenesulfonyl derivatives of leucine and phenylalanine, 
and (3) nitrogen content by Kjeldahl analysis. 

Isolation of Amino Acids—After the isotopic amino acids have been 
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added to the hydrolysate, the solution is concentrated to remove excess 
HCl, taken up in water, and treated with a suspension of CusO, as recom. 
mended by Bailey et al. (2) to remove humin and cystine. The filtrate, 
after the removal of copper, is adjusted to pH 5 (approximate) and con- 
centrated for the crystallization of tyrosine. 

Tyrosine—The crude tyrosine is a mixture of / and dl isomers which does 
not separate satisfactorily on recrystallization. It is converted to the 
copper salt by being boiled with copper carbonate and the filtrate is stored 
in an ice bath for crystallization of the / salt. The solubilities in water 


Taste III 


Analyses of B-Lactoglobulin 


N'5 excess in compound isolated 
Amino acid added at successive stages of 


oan ig Amino aci 
recrystallization Weight - 


Lacto of in protein*® 
globulin protein (; D's i) x 


speci- Amount hydro- ( 
men of NS Mean _—ityzed 100A 
Compound l-amino | excess ( ( B B 
acid ( values 
1 2 ; 4 5 (6 7) 8 
atom atom 
m. ber alom per cent per gm per cent 
ent cent 
\ (Glutamic acid (0.1484 , 4.52 |).448, 0.448 0.448 | 7.05 19.1 
B a " ).1413 | 4.52 |).470, 0.476 0.473 | 6.37 19.0 
\ Aspartic “ ).0681 , 6.75 (0.538, 0.532, 0.532 (0.534 | 7.05 11.3 
B ns " 0.0624 (11.82 0.947, 0.961 0.954 | 6.37 11.2 
\ Ly sine ).0660 9.09 9.689, 0.683, 0.687 (0.686 7.05 11.4 
B = 0.0641 | 9.09 \0.736, 0.736 0.736 6.37 11.4 
\ |Leucine 9.0688 6.73 0.392, 0.393, 0.403 0.396 7.05 15.6 
B ay 0.0698 | 6.73 (0.436, 0.441 0.439 6.37 15.7 
\ Glycine ).3147 | 1.99 |1.474, 1.496 1.485 | 7.05 1.5 
Bb “ 0.2365 | 2.42 11.73, 1.73 1.73 6.37 1.5 


* The values in Column S are calculated from the mean values of (C) which are 


shown in Column 6. 


at 0° of dl- and [-tyrosine copper salts were found to be respectively 46 and 
21 mg., calculated as tyrosine per 100 ce. of solution. From the weight 
and the rotation of the erude tyrosine and the solubility data one can 
calculate the volume required to keep all of the dl-tyrosine copper salt im 
solution while a specimen of the / salt crystallizes. The l-tyrosine copper 
salt is suspended in a small volume of water and treated with an equivalent 
amount of HCl. The tyrosine so obtained should have the correct rotation 
(10). It is reerystallized two or three times, a sample at each stage being 
saved for N™ analysis. 

Leucine—The filtrate from the crude tyrosine is adjusted to about pH 
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6.0, concentrated to smaller volume, and left several days in the cold. 
From the “crude leucine”’ fraction, l-leucine is isolated as its salt with 2- 
bromotoluene-5-sulfonic acid (11), the solubilities of the 1 and dl salts in 
1 HCl at 0° being about 1.2 and 4.1 gm. respectively of the salt per 100 
ec. of solution. The leucine is purified as the benzenesulfonyl derivative 
which has very favorable properties; e.g., m.p. 119° (corrected), [a]? = 
—53° (in the presence of 6 moles of NaOH and ¢ = 2), solubility in water 
at 0°, / form 47 mg., di form 118 mg. per 100 cc. The leucine salt of bromo- 
toluenesulfonic acid is benzenesulfonated directly. 

Phenylalanine—If the protein is not too poor in phenylalanine, this 
amino acid will be present in the “crude leucine” fraction and will pass into 
the filtrate from the leucine salt, from which it may be isolated as its salt 
with 2,5-dibromobenzenesulfonic acid (11). Final purification of the 
L-phenylalanine is effected by recrystallization of its benzenesulfony] 


derivative from hot water; m.p. 133° (corrected), [a] = —35.5° (in the 


presence of 6 moles of NaOH and ¢ = 2), solubilities in water at 0°, | form 
37 mg., and dl form 85 mg. of the sulfonyl! derivative per 100 cc. of solution. 

Arginine—From the filtrate from the “crude leucine’’ fraction arginine 
is isolated as the monoflavianate in the usual way. The monoflavianate 
is recrystallized from 0.1 Nn HCl with a volume sufficient to keep in solution 
the amount of dl-arginine that was added to the hydrolysate. The solu- 
bilities of /- and dl-arginine monoflavianates in 0.1 Nn HC] at 25° were found 
to be 29 and 56 mg. respectively (as arginine flavianate) per 100 cc. The 
l-arginine monoflavianate is converted to the di-3 ,4-dichlorobenzenesul- 
fonate (11) by dissolving the monoflavianate in hot 1 N HCl and adding a 
large excess of the dichlorobenzenesulfonic acid. This salt is recrystallized 
several times. The anhydrous salt has [a]3> = +8.0° (c = 6 in 95 per 
cent alcohol); the solubilities of the l- and the dl-arginine salts in 1 n HCl 
at 0° were respectively 117 and 112 mg. of salt per 100 gm. of solution. 

Lysine—The filtrate from arginine flavianate is made strongly acid with 
HCl and shaken with butanol to remove the excess flavianic acid. The 
excess of HCl is removed by distillation and histidine is precipitated in the 
usual way with HgCh at pH 6.8 (12). After the removal of mercury with 
HS, lysine is precipitated with phosphotungstic acid. Lysine is recovered 
from the phosphotungstate as the monohydrochloride which is converted 
to the dibenzoyl derivative and recrystallized from acetone until it has 
la]? = —8.6° (c = 5 in methyl alcohol) and a melting point of 149.5-150° 
(corrected). At this stage a sample is saved for analysis and the rest is 
recrystallized twice, a sample being taken for isotope analysis at each stage. 
Undoubtedly a more convenient method for preparing specimens of I- 
lysine of proved purity can be found.) 


' The procedure described by Shemin in the following paper (13) is much better. 
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Glutamic Acid—The filtrate from lysine phosphotungstate is freed from 
phosphotungstic acid by extraction with butanol-ether mixture. The 
dicarboxylic acid fraction is obtained in the usual way with barium hydrox. 
ide and alcohol. From this fraction glutamic acid is isolated and purified 
as the hydrochloride (1). 

Aspartic Acid—The filtrate from glutamic hydrochloride, after appropri- 
ate treatment, yields copper aspartate which is purified as the free acid 
by recrystallization from water until it has [a]? = +25.5° (c = 2in1 
N HCl). The substance is then recrystallized two or three times more, 
a sample being saved at each stage for analysis. 

Glycine—The filtrate from the barium dicarboxylates is freed from alcohol 
and barium and treated with potassium trioxalatochromiate according to 
Bergmann and Fox (14) for the isolation of glycine. The glycine is purified 
as the benzoyl derivative; m.p. 190° (corrected). 

DISCUSSION 

The figures in Table I refer to only the | form of the amino acid in the 
hydrolysate. Just how closely this coincides with the amount of amino 
acid in the original protein may be somewhat uncertain, for we do not know 
for every amino acid whether or not there is partial destruction or racemiza- 
tion during hydrolysis. The fact that most of the amino acids are stable, 
and are only very slowly racemized when boiled with acids, does not pre- 
clude the possibility that the compounds may be more labile while in pep- 
tide linkage. This possibility has been raised recently by Martin and 
Synge (15) to account for their finding of racemized acetylphenylalanine 
from a wool hydrolysate. They cite from the literature several instances 
wherein partly raeemized phenylalanine has been isolated from protein 
hydrolysates. However, subsequent work by Gordon, Martin, and Synge 
(16) has thrown doubt on the validity of the finding of racemized acetyl- 
phenylalanine. 

It has previously been shown (17) by the isotope dilution method that, 
in the hydrolysis of placenta and of tumor tissue, there is no detectable 
racemization of glutamic acid, at least 99 per cent of this amino acid in the 
hydrolysate being in the | form. A similar experiment regarding the 
phenylalanine in a hydrolysate of horse hemoglobin is now reported. 

To the acid hydrolysate of 31.4 gm. of once crystallized horse hemoglobin’ 
0.800 gm. of di-phenylalanine having 1.71 per cent N™ excess was added. 
The /-phenylalanine isolated had 0.264 per cent N™, while the dl-phenyl- 
alanine isolated had 0.904 per cent N”. From these data we calculate 
(cf. (17)) that the original hydrolysate contained 2.16 gm. of /-phenylala- 


2 This hemoglobin was a different lot and presumably less pure than that used for 
the other analyses. 
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nine and 0.04 gm. of d-phenylalanine derived from the protein. Thus, 
only 1.8 per cent of the total phenylalanine from the protein was the d 
isomer. This is about the magnitude of the error to be expected in the 
experiment and is not significant. 

That there is destruction of phenylalanine in boiling 6 N HCl is indicated 
by the finding of ammonia and the odor of phenylacetaldehyde in the 
reaction mixture. An experiment designed to measure by isotope dilution 
the extent of this decomposition of phenylalanine in boiling 6 Nn HCI solu- 
tion indicated a destruction of about 5.5 per cent of the compound in 40 
hours. Hence, it seems likely that the figure for phenylalanine in Table 
lis 2 or 3 per cent too low (7.e. 6.8 per cent perhaps should be 7.0 per cent). 

Leucine, on the other hand, seems to be more stable. In Experiment 10 
(see Table IL), hydrolysis was continued for 94 hours with no decrease in 
l4eucine found. 

The values reported in Table I for glycine are subject to greater error 
than are the others because of the unfavorable ratios of Cy:C in these experi- 
ments. These low ratios were the result of adding to the hydrolysates not 
only the nitrogen-labeled glycine but also weighed amounts of normal gly- 
cine in order to insure sufficient of the amino acid in the hydrolysate for 
isolation and purification. This was not done in the other analyses. 

Comparison with other values in the literature is found in Table I. In 
general it seems, as would be expected, that the isolation methods (2, 3, 6) 
yield lower results. Two exceptions appear in Table I; namely, the higher 
glutamic acid figure for B-lactoglobulin by isolation (3) and the very close 
agreement of the arginine values for hemoglobin by isotope dilution and by 
Vickery’s diflavianate method (3,7). Our results agree well with those by 
the microbiological methods of Brand (5) for leucine, of Snell* for glutamic 
and aspartic acids, and of Lewis and Olcott (4) for glutamic acid. 


The writer thanks Mr. William Saschek for the carbon and hydrogen 
analyses, and Mr. I. Sucher for the N® determinations. 


SUMMARY 


Quantitative determinations of aspartic and glutamic acids, leucine, 
glycine, lysine, arginine, phenylalanine, and tyrosine have been made by 
the isotope dilution method on acid hydrolysates of horse hemoglobin. 
8-Lactoglobulin has been similarly examined for the first five of the amino 
acids mentioned. The results are compared with recent values in the 
literature. Evidence is presented which indicates that phenylalanine is 
slowly destroyed by boiling 6 N HCl but is not appreciably racemized. 


* Snell, E. E., personal communication. 
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AMINO ACID DETERMINATIONS ON CRYSTALLINE BOVINE 
AND HUMAN SERUM ALBUMIN BY THE ISOTOPE 
DILUTION METHOD* 


By DAVID SHEMIN 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 18, 1945) 


In this paper there is reported the determination, by the isotope dilution 
method (1), of glutamic acid, aspartic acid, tyrosine, and glycine in both 
bovine and human serum albumin, and of lysine in bovine serum albumin. 
A summary of the analytical results is given in Table I and the data for 
the individual experiments are given in Tables II and ITI. 

The isotope dilution technique was also applied to the problem of the 


- conversion of serine into glycine under conditions existing during the acid 














hydrolysis of proteins. It was found that although serine is partially 
destroyed (3) it is not converted to glycine. 


EXPERIMENTAL 


The preparation and analytical data of the standard isotopic amino 
acids (4) and the isolation and purification of the l-amino acids from the 
protein hydrolysates (5, 6) were essentially the same as those already de- 
scribed in reports from this laboratory. Weighed samples of the proteins, 
corrected for moisture, were hydrolyzed for 15 hours with 20 times their 
weight of 20 per cent HCl and known amounts of the different isotopic 
dl-amino acids were then added, after which the solution was boiled for 1 
hour. Amino acids isolated from the hydrolysates were recrystallized 
under conditions known to lead to the pure / isomers (5, 6). Their purity 
was established by the nitrogen content, the constancy of isotope concentra- 
tion at successive stages of recrystallization, the specific rotation, and, in 
the case of glycine, by the melting point of the p-toluenesulfony] derivative. 

Tyrosine—The hydrolysate containing the added amino acids was 
evaporated to dryness in vacuo and the residue dissolved in water and 
treated with cuprous oxide to remove cystine, as recommended by Bailey, 
Chibnall, Rees, and Williams (7). The filtrate, after being freed of copper 


* The present analytical studies of plasma proteins have been carried out under a 
contract, recommended by the Committee on Medical Research, between the Office 
of Seientific Research and Development and Columbia University. The preparations 
examined were kindly supplied by the Department of Physical Chemistry, Harvard 
Medical School. 
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with hydrogen sulfide, was at pH 3.5; it was concentrated to a small volum, 
and cooled. Tyrosine crystallized as a mixture of the | and dl isomey 
(8). This was converted into the copper salts by treatment with basi 
copper carbonate in a volume calculated to be just sufficient to disselve al 


TaBLe I 


Composition of Bovine arn. Human Serum Albumin 


——— - ———————— 





No of residues per mole, mol. wt. = 
70,000 


























Amino acid Bovine Human 
Bovine Human 
per cent per oa % : 
Glutamic 16.95 17.03 81 81 
Aspartic 10.25 9.77 i4 52 
Tyrosine 5.53 4.73 21 18 
Glycine 1.96 1.60 18 15 
Lysine d 12.42 60 
TABLE II 
Analysis of C rystalline Bovine Serum Albumin* 
il Amino acid added | | Amino seid ia 
. : f —___—_—__—_ —- ————_——' Np dat protein 
a ary } protein | Amount | | meas bp conaene’ ’ | (+ aa 1) Xx 
"No. | hydro- | ofi- | NB | recrystailization Cc 
* lyzed | Compound | amino excess | (C) 100 
(B) | | acid (Co) A= 
| (A) 
| atom | 
| gm. | mg. per aiom per cent | per cent 
| coms | 
1 | 4.925 | | Glutamic acid | 39.9 | 18.69 | 0.840, 0.857, 0.866 16.92 
4 | 9.10 | " “ | 94.7 | 18.69 | 1.091, 1.071, 1.079 16.97 
1 4.925 | Aspartic “ | 36.75 | 11.82 | 0.790, 0.800 10.35 
4 |9.10 | > - sis 90.60 | 11.82 | 1.057, 1.051, 1.056 10.16 
9 | 7.12 | Tyrosine | 63.37 | 6.85 | 0.954, 0. 40, 0.945 5.53 
1 | 4.925 | Glycine 307.1 | 3.13 | 2.38, 2.43, 2.37 1.95 
4 |9.10 | “ 300.7 | 3.01 | 1.92,1.87,1.87 | 1.96 
9 7.12 | Lysine ry 9.09 | 0.483, 0.488, 0.485 | 12.42 











* Preparations ‘‘17’’ (used in Experiment 1) and “C. B. 25’ (used in Experiments 
4 and 9), from the Department of Physical Chemistry, Harvard Medical School (@¢. 
(2)). 


of the copper di-tyrosine at 0° (6). The / salt which crystallized was 
freed from copper and the resulting /-tyrosine purified by recrystallization 
until the specific rotation of each sample conformed with the data of Steim, 
Moore, and Bergmann (8). The tyrosine values for bovine and humai 
serum albumins, 5.53 and 4.73 per cent respectively, found by the isotope 
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dilution method are in very good agreement with those of Brand et al. (2), 
5.49 and 4.66 per cent respectively, determined by their photometric meth- 
od (9). 

Glutamic Acid—The barium salts of glutamic and aspartic acids were 
precipitated from the tyrosine filtrate. The glutamic acid, isolated as the 
hydrochloride from the dicarboxylic acid fraction, was recrystallized from 
20 per cent hydrochloric acid under conditions such that at least twice the 
weight of di-glutamic acid hydrochloride added to the protein hydrolysate 


TaB_e III 


Analysis of Crystalline Human Serum Albumin* 


- . 
| 











—_ Amino acid added Amino acid 
Ex- | of - ames: ——| N} excess in compound isolated | , protein 
peri- | protein Amount 3 at successive stages of _. 1) x 
ment | hydro- of l- NB recrystallization Cc 
No. | lyzed Compound amino excess (C) 100 
(B) acid (Co) A> 
(A) | 
is * 7 ae ee 
gm. me. per atom per cent per cent 
cent 
2 10.49 |Glutamic acid | 90.16 18.69 | 0.891, 0.884, 0.891 17.21 
3 | 7.80 e es 89.37 18.69 | 1.183, 1.185, 1.187, 1.195; 16.90 
| 7.98) “ “| 86.80 18.69 | 1.115, 1.132, 1.136, 1.133,) 16.90 
| | 1.139 
7 | 5.86 ss “| 73.72 /18.69 | 1.268, 1.281, 1.294 17.11 
2 | 10.49 ‘Aspartic “* | 84.20 |11.82 | 0.873, 0.873, 0.876 10.05 
3 | 7.80 oe “| 91.05 [11.82 | 1.274, 1.275, 1.267, 1.261 9.70 
ue’) mth “| 74.60 {11.82 | 1.047, 1.064, 1.055, 1.053| 9.57 
5 | 7.98 Tyrosine | 77.65 | 6.85 | 1.160, 1.158 4.78 
| | 
7 | 5.86 379.8 | 1.025t) 0.596, 0.595, 0.590, 0.600; 4.68 
5 | 7.98 |Glycine 266.3 | 3.03f | 2.06, 2.05, 2.05, 2.05 | 1.60 
18.08.) 352.7. | 2.547 | 1.99, 2.06, 2.05, 2.06 | 1.50 
! 











lla | 


* Preparation ‘“‘Com. 1’? from the Department of Physical Chemistry, Harvard 


Medical School (cf. (2)). 
t+ In these experiments glycine containing 33.8 atom per cent N” excess and 
tyrosine containing 6.85 atom per cent N™ excess were diluted with known amounts 


of non-isotopic glycine and /-tyrosine. 


would have remained in solution (5). The specific rotation, based on free 
glutamic acid, was [a]? = + 31.0° + 0.2° (2 to3 per cent in 2.5 n HCl) for 
all samples. 

The necessity of removing cystine prior to the precipitation of the barium 
dicarboxylates was demonstrated by the following observation. In the 
purification of glutamic acid hydrochloride from a hydrolysate of human 
serum albumin which had not been treated with cuprous oxide, the isotope 
content at successive stages of recrystallization was constant (0.736, 
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0.719, and 0.735 atom per cent N™ excess) and the nitrogen content was 
7.7 per cent, from which it might have been concluded that the substang 
was pure l-glutamic acid hydrochloride. However, the specific rotation, 
even after five recrystallizations, was —4.3° instead of +31°. The com 
taminant proved to be cystine dihydrochloride, the identity of which was 
established by the isolation of crystalline cystine by precipitation at pH 
4 to 5. Its presence is explained by the high cystine content of serum 
albumin (2). It was found that the solubility of cystine dihydrochloride 
in 20 per cent hydrochloric acid at 0° is considerably lower than that of 
glutamic acid hydrochloride in the same solvent. 

Aspartic Acid—The filtrate from the glutamic acid hydrochloride was 
taken to dryness in vacuo and from the residue aspartic acid was isolated 
as the copper salt. J-Aspartic acid was regenerated ftom the recrystallized 
copper aspartate and repeatedly recrystallized. The specific rotation, 
based on free aspartic acid, was [a]” = +25.3° + 0.2° (1.5 to3 per cent 
in 2.5 n HCl) for all samples. 

Glycine—From the filtrate of the barium salts of the dicarboxylates, 
freed from barium and alcohol and concentrated in vacuo, glycine was iso- 
lated as the trioxalatochromiate (10) and converted into the p-toluene- 
sulfonyl derivative, m.p. 147-148°. The values for glycine are not as 
precise as those for the other amino acids, for the ratio of the isotope concen- 
tration of the added glycine to the isotope concentration of the isolated 
glycine is low (1). As the proteins contain but little glycine, it was neces 
sary to add comparatively large amounts of glycine in order to isolate 
enough of the pure amino acid for the N“ determinations at successive 
stages of recrystallization. 

Lysine—Lysine was isolated as the e-monobenzoy] derivative according 
to the method of Kurtz (11) from a hydrolysate of bovine serum albumin 
from which cystine, tyrosine, and the leucine-phenylalanine fraction had 
been removed. The purity of the e-benzoyl-l-lysine was established 
by nitrogen analysis and by constancy of isotope concentration and specific 
rotation on successive recrystallization. N = 11.1 per cent (calculated 
11,2 per cent); [a]? = +18.8° + 0.2° (2.3 per cent in n HCl). 

The specific rotation in N HCl of the isolated ¢-benzoyl-l-lysine was 
constant during five recrystallizations and the same as that of a sample 
prepared from pure l-lysine. The value observed for the reference sample 
in 50 per cent acetic acid was +11.4°, in contrast to +27.2° reported by 
Goldschmidt and Kinsky (12). The reason for this discrepancy is not clear. 


1 Solubility determinations were carried out on cystine dihydrochloride and glu- 
tamie acid hydrochloride in 6.05 N hydrochloric acid at 0°; the solubilities were 0.51 
and 0.90 gm. per 100 gm. of solution of cystine dihydrochloride and glutamic acid 
hydrochloride respectively. The solubility of glutamic acid hydrochloride is the 
same as that found by Graff, Rittenberg, and Foster (5). 
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Non-Conversion of Serine to Glycine—The possibility that glycine might 
be formed, by a decomposition of serine in acid solution analogous to that 
known to occur in an alkaline medium (13), was investigated by the isotope 
dilution method. To 990 mg. of serine, 500 mg. of isotopic glycine con- 
taining 1.095 atom per cent N™ excess were added and the mixture was 
refluxed for 17 hours with 100 cc. of 20 per cent hydrochloric acid. From 
this mixture glycine was precipitated with trioxalatochromiate and purified 
as the p-toluenesulfonyl derivative. The isotope value of the isolated 
glycine was found to be 1.091 atom per cent N“ excess. Since no significant 
dilution of the added glycine had occurred, it was concluded that none of 
the glycine in the protein hydrolysate was derived from serine. 


SUMMARY 


The isotope dilution method was employed to determine the amounts of 
glutamic acid, aspartic acid, tyrosine, and glycine yielded by crystalline 
bovine and human serum albumins, and of lysine yielded by bovine serum 


albumin. 

It was found that cystine dihydrochloride is much less soluble in 20 per 
cent hydrochloric acid than glutamic acid hydrochloride, and in proteins 
containing appreciable amounts of cystine glutamic acid hydrochloride is 
very likely to be contaminated unless the cystine is first removed. 

Conversion of serine to glycine does not occur under the conditions for 
acid hydrolysis of proteins. 
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THE EFFECT OF REPRODUCTION AND ESTROGEN ADMINIS- 
TRATION ON THE PARTITION OF CALCIUM, PHOSPHORUS, 
AND NITROGEN IN PIGEON PLASMA 
By MARGARET R. McDONALD ann OSCAR RIDDLE 


(From the Department of Genetics, Carnegie Institution of Washington, Cold Spring 
Harbor, New York) 


(Received for publication, April 4, 1945) 


In oviparous vertebrates each period of egg production is associated with 
large increases in plasma calcium and phosphorus. Similar and even 
greater increases in these plasma components result from the administra- 
' tion of gonadotropin or estrogens, but not of androgens. The literature on 
this subject has been recently reviewed by Campbell and Turner (1), Riddle 
(2), and Gardner and Pfeiffer (3). Small increases in the plasma protein of 
fowl during egg production have also been reported (4-6). 

A large part of the augmented phosphorus in the breeding females of 
birds, reptiles, and fishes (7-9), and in hens injected with gonadotropin 
(10), is due to enormous increases in the concentration of a phosphoprotein, 
serum vitellin, which is almost non-existent in the males and non-breeding 
females of these species. The effect of administered estrogens on the 
amount of serum vitellin has apparently not been studied (see ‘‘Adden- 
dum’’). ‘The remainder of the augmented phosphorus is due to increased 
_ inorganic and lipid phosphorus (7-10); it has been shown that both of these 
components can be raised by the injection of gonadotropin (10, 11) or 
_ estrogen (12-15). 

The increment in plasma calcium due to egg laying (4, 16-18) or estrogen 
treatment (19) occurs in the non-ultrafiltrable fraction. Various sugges- 
tions have been made regarding the nature of the compound or compounds 
responsible for the binding of the extra calcium, but the available facts do 
not provide a definite solution of this problem. The several suggestions 
_ have been summarized and extended by Greenberg et al. (6). Their data 
for the laying hen indicate that part of the increment in non-diffusible cal- 
cum can be accounted for by the formation of a colloidal form of calcium 
phosphate and that the calcium-combining capacity of serum vitellin is suffi- 
ciently high to account forthe remainder. Riddle and McDonald (19) found 
that one-third of the non-ultrafiltrable calcium in the plasma of estrogen- 
injected pigeons could be colloidal calcium phosphate. 

The investigation reported here is primarily a study of the partition of 
those plasma components which might be capable of binding the large 
estrogen-induced increases in calcium. Changes in the various calcium, 
phosphorus, and nitrogen components of plasma have been studied (a) 
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during the normal reproductive cycle of female pigeons and (b) under the 
influence of injected estrogens in mature and immature, normal, fasted 
parathyroidectomized, and hypophysectomized pigeons of both sexes. The 
correlations between the various constituents, in plasmas obtained unde 
these extremely diversified conditions, should indicate which components 
are responsible for binding the calcium. 


Materials and Procedures 


Most of the pigeons utilized in this study were white Carneaux, purchased 
from the Palmetto Pigeon Plant, Sumter, South Carolina. Some birds of 
various races from our own colony were also used; the ratio of colony birds 
to white Carneaux was almost constant in the various comparative tests, 
The birds were ordinarily given a mixed grain diet consisting of cracked 
yellow corn, peas, kafir and wheat, and a commercial grit containing oyster 
shell, calcite, sand, salt, charcoal, and Venetian red. Those studied during 
the reproductive cycle were restricted to grains (corn and kafir) of low cal- 
cium content during the 5 days previous to sampling. This procedure was 
preferred to a final complete fast of 24 hours, since, unless special precau- 
tions are taken, some such complete fasts can be of 36 instead of the desired 
24 hours. The birds were studied at all seasons of the year, and heat wa 
provided in glass-sided houses during the winter. 

‘The various phases of the reproductive cycle in pigeons were determined 
as follows. Accurate records of the time of egg laying were kept. hh} 
pigeons the approximate time required to develop the two egg yolks, the 
hours at which each ovum leaves the ovary (ovulation), and the time re 
quired for the egg to traverse the oviduct (43 hours) are fairly well estab- 
lished. The time since the last previous ovulation was therefore readily 
calculated. The weight (and race) of the birds, the diameter of the largest 
ovum, and the weight of the oviduct provided data from which time till the 
next ovulation was calculated. 

Parathyroidectomy was performed by the method of Smith (20) and 
hypophysectomy (anterior lobe only) by the method of Schooley (2). 
The care and treatment of the birds operated on have been previously de 
scribed (22). 

The authors are indebted to Guinevere C. Smith for the operations ani 
also for the care of the treated birds. Estradiol benzoate and androstened 





one were obtained from the Schering Corporation through the courtesy @ 
Dr. Erwin Schwenk. Diethylstilbestrol was contributed by Sharp and 
Dohme, Inc., and dihydrotachysterol (A. T. 10) by the Winthrop Chemica 
Company, Inc. All of these compounds were injected intramuscularly 
volumes varying from 0.1 to 0.3 ml. 

Blood samples were taken 24 hours after the last injection. The bird 
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had to be sacrificed to obtain the volume of blood necessary for all of the 
desired analyses. They were bled first from the radial arteries of each wing 
and immediately thereafter from the left ventricle, heparin being used as 
ananticoagulant. The blood obtained (15 to 20 ml.) was centrifuged imme- 
diately and the plasma analyzed as follows: (a) 1 or 2 ml. of plasma were 
diluted with distilled water to 5 ml.; 5 ml. of 10 per cent trichloroacetic 
acid were then added, and the mixture left at room temperature for 10 
minutes and centrifuged. Aliquots of the supernatant were analyzed for 
calcium, inorganic phosphorus, and acid-soluble phosphorus. The precipi- 
tate was analyzed for protein nitrogen, lipid phosphorus, and protein 
phosphorus. (6) 0.5 ml. of plasma was diluted 25 times with water, and 
aliquots measured for total phosphorus and nitrogen. (c) The remainder 
of the plasma was ultrafiltered and aliquots of the ultrafiltrate analyzed for 
calcium, inorganic phosphorus, and total phosphorus. 


Analytical Methods 


Ultrafiltration—Ultrafiltration was performed by the method of Green- 
berg and Gunther (23); viscose instead of collodion sacs were used. All 
ultrafiltrates were tested for protein and the few which gave positive results 
discarded. Further confirmation of the satisfactoriness of the ultrafiltrates 
was obtained by analyzing them for total phosphorus in addition to inor- 
ganic phosphorus. No ultrafiltrate was used in which the difference be- 
tween these two analyses was significantly greater than the difference 
between the acid-soluble and inorganic phosphorus of the plasma. 

All data for the ultrafiltrates were corrected for the volume of the plasma 
proteins with the value 0.75 for the specific volume of the plasma proteins 
(24). Non-ultrafiltrable data were obtained as differences between the 
total and ultrafiltrable values. 

Caletum—Total and ultrafiltrable calcium was precipitated as calcium 
phosphate by the method of Roe and Kahn (25) from 3 ml. of a 5 per cent 
trichloroacetic acid solution (containing approximately 0.06 mg. of calcium), 
with 0.5 ml. of 25 per cent sodium hydroxide and 0.5 ml. of 1.2 per cent tri- 
sodium phosphate. The precipitate was washed by the same method, and 
the calcium phosphate dissolved in 1.2 ml. of 60 per cent perchloric acid and 
analyzed for phosphate according to King (26). 

Phosphorus—Laskowski’s procedure (8) for the separation of the various 
phosphorus components was used, and aliquots of each phosphorus fraction 
analyzed by the method of King (26). In all samples analyzed the sum of 
the acid-soluble, lipid, and protein phosphorus was found to equal the total 
phosphorus. 

Nitrogen—All nitrogen determinations were made by the micro-Kjeldahl 
method. The protein nitrogen values given are the sums of the nitrogen 
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found! in the alecohol-ether extracts of the trichloroacetic acid precipita 
and that of the residue after extraction. No difference was found betweg 
the values thus obtained and those determined directly on the trichlom. 
acetic acid precipitate. Protein nitrogen values have been corrected fq 
lipid nitrogen with the equation, corrected protein N = observed proteiy 
N minus 0.5lipid P. Non-protein nitrogen was determined as the differeng 
between total nitrogen and uncorrected protein nitrogen. Lipid nitroge, 
is not included in this fraction (27). 
Results 


The changes in the partition of the various calcium, phosphorus, and 
nitrogen components of pigeon plasma found in female pigeons during the 
reproductive cycle and after the injection of estrogens (in mature and imms- 
ture, male and female, normal, fasted, parathyroidectomized and hypophy- 
sectomized pigeons) are given in Fig. 1 and Table I. When differences due 
to age and the operative state of the birds are taken into consideration (19), 
it is evident that estrogens, whether naturally produced (during reprodue- 
tion) or experimentally administered, probably effect no significant change 
in either the ultrafiltrable calcium or ultrafiltrable inorganic phosphors 
content of pigeon plasma. They do, however, bring about large increase 
in the non-ultrafiltrable (colloidal plus non-ultrafiltrable-non-colloidal) 
calcium and non-ultrafiltrable inorganic phosphorus.? The individual data 
for these two components in all of the birds studied are shown in Fig. 2 
A direct relationship apparently exists between their increased values, 
whether the increase results naturally or experimentally. The calculated 
lines of regression for each of the various groups were found to be practically 
identical. Calculation of the correlation coefficient for the 102 birds which 
showed varying degrees of hypercalcemia (12 to 60 mg. of total calcium per 
100 ml. of plasma) due to endogenous or injected estrogen gave the highly 
significant value, r = 0.955 + 0.009. The correlation for the 72 contro 
birds with normal or low (due to operation) calcium was only r = 0.566 + 
0.087. This may be due in part to inaccuracies resulting from the measure 
ments when only small amounts of non-ultrafiltrable inorganic phosphorus 
are present. Greenberg et al. (6) noted, however, that, although there is4 
direct relationship between the amounts of serum calcium and inorganit 
phosphorus in fowl during the laying period, such a relationship is not 
upparent at other times. 

1 When the trichloroacetic precipitate of Plasma was suspended in alcohol-ethet 
to extract the phospholipids (7), it was found that approximately one-third of the 
protein nitrogen was also extracted. Unpublished experiments of the authors show 


this alcohol-ether-soluble fraction to be albumin. 
? Low non-ultrafiltrable inorganic phosphorus values were found in the few birds 
dying of tetany when sampled. These analyses have been omitted in Fig. 2. 
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Various workers have shown that the non-ultrafiltrable inorganic phos- 
phorus in plasma of laying hens and in mammals with experimental hyper- 
ealcemia exists in the form of colloidal calcium phosphate. The high corre- 
lation found above suggests that the non-ultrafiltrable inorganic phosphorus 
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Fig. 1. Changes in the various calcium, phosphorus, and nitrogen components of 
plasma of female pigeons during the reproductive cycle. The circles represent the 
mean values obtained from four to eight (twenty-two for resting stage) birds; the 
vertical lines indicate plus or minus two standard errors of the mean; when no ver- 
tical line is shown, this line falls within the area of the circle. 


of pigeon plasma is likewise present as colloidal calcium phosphate. The 
literature on the nature and formation of this colloid has been reviewed by 
Schmidt and Greenberg (28) and Greenberg (29). There is no direct 
method at present for determining the composition of this colloid. Green- 
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oe | |e thet 248 £isd/3/ 8/8.) |. | 
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3 | 5 fa; & | 6| 3 30 | § 3 |§5/8/;8/8 
A;|A Ii& < |24| - | s) Zz > |Z mm | Oe | 
Normal, injected with estrogen—Continued 
| mg. | days | days| mos. | | | | | 
Estradiol =| |_| Babe OD | 
benzoatet.. .(0.25 25 Ad.|2/@% (6.5 | 6.8 jt4-6) 4.0 * 29.3/12. 4/458 
Estradiol = ES ei | 
benzoatet...0.5 6 ‘ 16)0 5.5 12.4 20.0) 2.8 [6.4 (60.6)24.41055 
Fasted normal, injected with estrogen 
! - | | | 
Estradiol —| ee 1 $e) 
benzoatet.../0.5 | 14 2.8/4) [5.7 |14.7 /21.3] 2.9 |7.6 39.3/26.9/619 
Parathyroidectomized, injected with estrogen 
. 1 he | 
Estradiol | | we i Sora | 
benzoatet§. ./0.25, 15 | 17 | 2.5 | 2\0 Ps | 7.6 |10.3) 4.1 (3.9 |29.5)11.0/467 
Estradiol =| | big Pd 
benzodtef§. (0.25, 15 17 | 2 5 2 2 1. “" 1.7*| 9. 8)11.2*/0.9*/40.1/10.3/497 
Estradiol | 
benzoatet|)..0.5 | 15 | 20 3.3 | 3/9, 6. 6 17 0 28. 7| 4.0 8.8 |55.5)34. 4/703 
Estradiol | 
benzoatet§. ./0.25| 15 | 17 | Ad. | 3} ¢ 5. 0 | 6.6 ht. 1) 5.6 |3.4 |41.8)12.5542 
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benzoatet§. (0.2515 17) “ | 1% 9 0.2" 0.0*|19.7)12.1*0.0*/66. 7/20. 5/636 
Estradiol | | | 
benzoatet§..0.25, 25 27) “ | 2) |4.3 | 3.7 | 6.4) 6.1 |1.9 [23.8] 6.4)404 
Hypophysectomized, injected with estrogen 
Estradiol | | | | | | | | 
benzoatet...10.5 | 3 | 16 | 2.8 | 2 9, 016.1 | 7.4 | 9.7) 3.6 |3.8 |30.2/12.1/401 
Estradiol oe ee een } | 
benzoatet...10.5 | 14, 15 | 2.7 2 2, 76.9 6.8 /10.9) 4.2 |3.5 19. 2/12. 1/358 
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dionet.......|3.0/15| [2.7/3] 9 [6.7| 0.8 | 2.7) 4.1 (0.4 |20.9) 0.6(378 
| 
Ad. = adult. 


* Birds dying in tetany when sampled. 
t Dissolved in propylene glycol. 





t Dissolved in sesame oil. 
§ Plus 200 mg. of Ca + 0.125 mg. of A. T. 10 daily from time of operation. 
| Plus 1 gm. of alumina gel daily from time of operation. 
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berg and Larson (30), using indirect methods, have assigned to it the com 
position Ca3(PO,)2. With this formula the amounts of calcium bound 
colloidal calcium phosphate have been calculated and the values given q 
colloidal calcium in Fig. 1 and Table I. The term colloidal calcium is her 
after used to designate that part of the calcium which is bound as colloidd 
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Fic. 2. Correlation between non-ultrafiltrable calcium (y) and non-ultrafiltrable 
inorganic phosphorus (x). The solid points are the means for each control group. 
The solid line represents the regression equation, y = 4.22r + 4.17. The dotted line 
indicate one standard error of estimate (S, = 3.8). 


Cas3(PO4)2; subtraction of colloidal calcium from total non-ulirafiltrable calcium 
yields the fraction non-ultrafiltrable-non-colloidal calcium. It can readily be 
seen that in all the birds studied only about one-third of the non-ultrafl 
trable calcium can be accounted for as colloidal calcium phosphate. 
Examination of the data in Fig. 1 and Table I shows that as the nor 
ultrafiltrable-non-colloidal calcium increases the lipid phosphorus als 
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increases. Drinker and Zinsser (31) noted that cephalin can combine with 
calcium, and estimated that 30 to 40 per cent of the bound calcium in normal 
mammalian sera could be united to this phospholipid. The limited amount 
of blood obtainable from a pigeon made direct determinations of cephalin, 
in addition to the other desired analyses, impracticable. Flock and Boll- 
man (32), however, found that the administration of diethylstilbestrol 
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Fic. 3. Correlation between lipid phosphorus and non-ultrafiltrable-non-colloidal 
calcium. The solid lines represent the regression equations for each type of bird 
studied (Table IT) and the solid points the means for each control group. The dotted 
lines indicate one standard error of the estimate (S, = 5.7) for the hypophysecto- 
mized fasted pigeons. 











increased both the cephalin and the choline-phospholipid content of cock 
plasma without materially altering their ratio. Fig. 3 and Table II, in 
which the individual data for lipid phosphorus and non-ultrafiltrable-non- 
colloidal calcium are given, show that, while there is some correlation be- 
tween these components, the calculated lines of regression for the various 
types of pigeons studied do not coincide. This is particularly true for the 
hypophysectomized and fasted pigeons, and indicates that the non-ultra- 
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filtrable-non-colloidal calcium of pigeon plasma is probably not bound by 
phospholipid. The results of Greenberg et al. (6), although not conclusive, 
also provided evidence for the absence of a lipid-calcium compound in the 
serum of laying hens. The work of Taurog, Entenman, and Chaikoff (33), 
published since the completion of this study, casts doubt on the presence of 
cephalin in plasma. The degree of correlation (r = 0.704 + 0.049) found 
between the lipid phosphorus and non-ultrafiltrable-non-colloidal calcium 
can probably be regarded as a consequence of the fact that both are in- 
creased by the same provocative agent, estrogen. 

It can be seen from Fig. 1 and Table I that the enormous increases in 
non-ultrafiltrable-non ‘olloidal calcium due to endogenous (at egg produe- 


Tasie II 

Relation between Lipid Phosphorus (y) and Non-Ultrafiltrable-N on-Colloidal Calcium 
(xz) in Normal, Fasted, Hypophysectomized, and Parathyroidectomized Pigeons 

Showing Hypercalcemia Due to Endogenous or Administered Estrogens 


Standard 
. : No. of Regression equation, error of Correlation 
Type of pigeon birds yr met+ec estimate, coefficient, r 
S 





(m) (c 
Normal, near ovulation 53 2.24 14.0 8.8 | 0.69 + 0.07 
‘“*  estrogen-injected 31 1.83 17.1 7.6 0.81 + 0.06 
Parathyroidectomized, estro- 
gen-injected. . ; 13 1.40 21.8 10.8 0.78 + 0.122 
Fasted normal, and hypo- 
physectomized, estrogen- 
EL ds. aber steacs ssa 8* 1.37 10.4 5.7 | 0.84+0.10 
All of above types...... 105 | 0.70 + 0.05 





* Four birds of each type. 


tion) and administered estrogens are accompanied by only slight increases 
in protein nitrogen. These increases, if the protein remained unchanged 
in kind, should be capable of binding only 1 to 2 mg. of calcium, thus leay- 
ing more than 80 per cent of the non-ultrafiltrable-non-colloidal calcium 
unaccounted for. Furthermore, calculations of the correlation coefficient 
between the total protein nitrogen and the non-ultrafiltrable-non-colloidal 
calcium give the rather low value, r = 0.696 + 0.051. 

Greenberg et al. (6) and Laskowski* have noted that the phosphoprotein, 
serum vitellin, probably has a much higher calcium-combining capacity 
than the usual serum proteins. This protein, as can be seen in Fig. 1 and 
Table I, is markedly increased by the administration of estrogens as well 


* Laskowski, M., personal communication to the authors. 
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Fic. 4, a. Correlation between protein phosphorus (serum vitellin) and “‘protein- 
bound” (non-ultrafiltrable-non-colloidal) calcium. The solid line represents the 
regression equation, protein-bound Ca = 0.712 protein P + 2.99. The dotted lines 
indicate one standard error of estimate (S, = 1.43). 

Fic. 4, b. Correlation between protein phosphorus (serum vitellin) and “‘phospho- 
protein-bound”’ (non-ultrafiltrable-non-colloidal calcium minus caleium.bound to 
plasma proteins other than vitellin) calcium. The central line represents the re- 
gression equation, phosphoprotein-bound Ca = 0.751 protein P + 0.74. The dotted 
lines indicate one standard error of estimate (S, = 1.47). In Figs. 4, a and 4, b the 
solid points are average values for each control group. 
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as during the egg production cycle, and the increase parallels the increase 
in non-ultrafiltrable-non-colloidal calcium. The individual data for these 
two components for all of the birds studied are given in Fig. 4, a, where, for 
convenience, the non-ultrafiltrable-non-colloidal calcium prematurely hag 
been termed “protein-bound” calcium. It is evident that there is a marked 
relationship between the non-ultrafiltrable-non-colloidal calcium and the 
protein phosphorus content of pigeon plasma. Calculation of the correla- 
tion coefficient’ between these components for the 53 reproducing pigeons 
(from 118 hours before to 40 hours after ovulation) and for the 52 estrogen- 
injected pigeons gives the extremely significant value, r = 0.969 + 0.006. 
The calculated lines of regression for the various types of pigeon were found 
to coincide, but they do not pass through the origin. These results suggest 
that part but not all of the non-ultrafiltrable-non-colloidal calcium is bound 
to the phosphoprotein, serum vitellin. 

The data for normal pigeons (Table I) indicate that the magnitude of the 
calcium-combining capacity of the ordinary proteins of pigeon plasma is the 
same as that of mammalian plasma. Assuming this to be true, the amount 
of calcium bound by the plasma proteins other than vitellin can be caleu- 
lated with the equation 

Canvpr = 0.00527 (TPr N — 15.5 Pr P) 
in which Canvpr = mg. calcium bound to protein other than vitellin 


0.00527 = “ ‘ ‘* by 1 mg. of protein nitrogen® (30) 
TPrN = “_ total protein nitrogen 
PrP = “ protein phosphorus 


15.5 = factor to convert Pr P to Pr N3 


Subtraction of Ca,yp, from non-ultrafiltrable-non-colloidal calcium yields 
the fraction tentatively called “phosphoprotein-bound” calcium. When 
the data for this fraction are plotted against the data for protein phosphorus 
(serum vitellin), Fig. 4, b, the lines of regression for the various types of 
birds studied still coincide, but they now, within the limits of accuracy of 
the measurements, also pass through the origin. Statistical evaluation of 
the correlation between the ‘“‘phosphoprotein-bound”’ calcium and the pro- 
tein phosphorus for the 105 pigeons studied (with degrees of hypercalcemia 
varying from 12 to 60 mg. of total calcium per 100 ml. of plasma) yields 
the highly significant result, r = 0.972 + 0.005. It would thus seem that 
all of the non-ultrafiltrable-non-colloidal calcium in pigeon plasma which 


‘The correlation between these variables for the control pigeons has not been 
calculated, since the amounts of protein phosphorus in these birds are much too small 
to be measured with any degree of accuracy and such calculations would therefore be 
meaningless. 

’ Unpublished data of the authors show that the ratio of albumin to globulin in 
normal pigeon plasma is almost 1:1. 





os 


=o ws 


RBBESIBEBE SBT 


is 
if 
f 


Fae ea | 





M. R. MCDONALD AND O. RIDDLE 457 


is not bound by the ordinary plasma proteins is bound by the phosphopro- 
tein, serum vitellin. The calcium-binding capacity of the latter is very 
great. Calculations from the regression equation (Fig. 4, b) show that 1 
gm. of serum vitellin (containing 0.95 to 0.99 per cent phosphorus*) can 
combine with more than 7 mg. of calcium, a value 8 to 9 times greater than 
that of the normal plasma proteins (30). 

Computation of the data in Table I and Fig. 1 shows that, in both male 
and female pigeon plasma, the proteins other than vitellin decrease after 
estrogen treatment. This decrease, however, may be fallacious, since 
Laskowski’s* values for the phosphorus (0.95 to 0.99 per cent) and nitrogen 
(15 per cent) content of vitellin, accepted for these calculations, may prove 
to be too low when more highly purified vitellin is prepared. If the de- 
erease is real, it might suggest that serum vitellin is formed partly at the 
expense of the other plasma proteins. Laskowski (34) has presented 
indirect evidence indicating that the amount of globulin (other than vitellin) 
is smaller and the amount of albumin larger in the blood of laying hens. 
In the 73 control birds serum vitellin comprises only about 3 per cent of the 
total plasma proteins, while in the 53 birds in which ova were actively grow- 
ing or being released it averaged 31 per cent; and in the 52 estrogen-injected 
birds it averaged 50 per cent. 

The data on non-protein (total less protein) nitrogen and ester phos- 
phorus (acid-soluble less inorganic) are very inaccurate, since they are ob- 
tained as small differences between two much larger values. No consider- 
able change was found, however, in the concentration of these components 
in the plasma of pigeons at egg production or after the injection of estrogens. 
Mean values plus or minus the standard error (expressed as mg. per 100 ml. 
of plasma) for non-protein nitrogen and ester phosphorus of 26 + 3.5 and 
0.55 + 0.039, respectively, were obtained for the control pigeons and of 
24 + 2.4 and 0.67 + 0.038 for those subjected to estrogen (endogenous and 
administered) treatment. The slight decrease found for the non-protein 
nitrogen is probably not significant; the slight increase in ester phosphorus 
may or may not be significant. 

The average values for the non-ultrafiltrable inorganic and protein phos- 
phorus content of the plasma of the control pigeons were found to be 0.8 
mg., and for lipid phosphorus 21 mg. per 100 ml. of plasma. Values as 
high as 11, 40, and 75 mg. per 100 ml. of plasma for the non-ultrafiltrable 
inorganic, protein, and lipid phosphorus, respectively, were obtained for the 
estrogen-treated pigeons. The changes in the distribution of these phos- 
phorus fractions, as influenced by estrogens, are summarized in Table ITI. 
While lipid phosphorus accounts for 93 per cent of the non-ultrafiltrable 
phosphorus in the plasmas of the control pigeons, it accounts for only 56 
per cent (average value for 97 pigeons) of the estrogen-induced increase in 
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non-ultrafiltrable phosphorus; protein phosphorus (serum vitellin) is re. 
sponsible for 36 per cent, and colloidal (non-ultrafiltrable inorganic) phos. 
phorus for the remaining 8 per cent. 

The average value for the non-ultrafiltrable calcium content of the 
plasma of the control pigeons was found to be 4.2 mg. per 100 ml. of plasma, 
Increases of 2 to 29 mg. per 100 ml. of plasma were found during the re. 
productive cycle and of 3 to 50 mg. after the injection of estrogens. The 
augmented values are due to increments in colloidal calcium phosphate 
(1 to 19 mg. per 100 ml. of plasma) and phosphoprotein-bound calcium 
(1 to 31 mg. per 100 ml. of plasma). Fig. 5 analyzes the changes in the 
partition of the non-ultrafiltrable calcium in these estrogen-induced (endog- 
enous and administered) hypercalcemias. As the non-ultrafiltrable cal- 
cium increases, the percentage of non-ultrafiltrable calcium bound as 


Taste III 
Estrogen-Induced Changes in Partition of Phosphorus in Pigeon Plasma 














— Non-ultrafiltrable phosphorus* 





Piguens birds (-——— — 
Total Colloidalt Lipid Protein 
me. per | mg. per me. per meg. per 
sass | Mages | ef tu | 0m | of vtal | M02 ml | fw 
Control 67t 23.0 0.8 3.5 21.4 | 93.0 0.8 3.5 
Near ovulation. 53 52.6 3.0 5.7 38.7 | 73.6 | 10.9 | 20.7 
Estrogen-injected. 44t 64.8 4.4 | 6.8 43.8 67.6 | 16.6 | 25.6 








* Mean values. 
t Non-ultrafiltrable inorganic phosphorus. 
t Hypophysectomized and fasted pigeons omitted. 


colloidal calcium phosphate remains practically constant, but the 
percentage bound to the phosphoprotein (serum vitellin) increases rapidly, 
while the percentage bound to the plasma proteins other than vitellin 
decreases precipitously. 

Fig. 1 shows that the various plasma calcium and phosphorus fractions 
which increase in pigeons during the reproductive cycle all follow the 
pattern previously observed by Riddle and associates for total plasma cal- 
cium (35, 36) and plasma fat (37). Increased values are already evident 
5 days before ovulation of the first ovum. Maximal values are attained 
from 2.5 to 1.5 days before the ovulation of the first ovum; high values are 
more or less sustained until just prior to the ovulation of the second ovum, 
at which time there is a precipitous drop, and by 5 days after the second 
ovulation the values are again normal. 

It is evident from Table I that neither fasting, parathyroidectomy, nor 
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hypophysectomy significantly modified the values for non-ultrafiltrable 
calcium (either colloidal or protein-bound), non-ultrafiltrable inorganic 
phosphorus, lipid phosphorus, or protein phosphorus resulting in pigeon 
lasma from the administration of estrogens. Similar results have been 
obtained by Riddle and associates for estrogen-increased total plasma cal- 
cium (22, 38) and fat (37) and for estrogen-induced endosteal bone forma- 
tion (22) in pigeons. War time conditions have prevented the authors 
from seeing copies of publications of Benoit et al. in which they apparently 
have reported that parathyroidectomy prevents (39, 40), and hypophy- 
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Fie. 5. Analysis of the partitions of non-ultrafiltrable calcium in pigeon plasma on 
a percentage basis. Each point represents the average of ten to twenty-nine deter- 
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sectomy reduces by one-half (41), the increase in blood calcium in drakes 
caused by the injection of estradiol propionate. 

It can also be seen from Table I that in normal pigeons neither the 
androgen, androstenedione, nor the therapeutic agents (A. T. 10 + calcium 
gluconate, or alumina gel) used to maintain life in parathyroidectomized 
pigeons significantly altered any of the components studied. Supple- 
mentary data confirming this fact are given in Table IV. The decrease in 
calcium and the increase in inorganic phosphorus found in para- 
thyroidectomized pigeons are, however, partially reversed by the 
administration of alumina gel or of dihydrotachysterol (A. T. 10) and 
calcium gluconate. 
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TaBLe IV 


Effect of Daily Administration of Androstenedione, Alumina Gel, and A. T. 10 Plug 
Calcium Gluconate on Calcium, Phosphorus, and Nitrogen Components of Pigeon 
Plasma 


The results are given in mg. per 100 ml. of plasma. 














ese? | io. of Tota Phosphorus Protein 
Pigeons Daily treatment treated | birds }. ad hae ee | Pro- | rr 
ganic | | tein 
Normal None 21 | 10.5 | 5.5 | 20.4] 0.7 | 398 
| 3 mg. androstenedi- 
one 2 3 10.2 | 5.1 | 22.6; 0.5 | 379 
6 3 10.1 4.8 | 19.3) 0.4 | 360 
15 3 | 10.2 | 4.5 | 20.9] 0.6 | 378 
1 gm. alumina gel 12 3 10.4 | 5.2 | 22.4) 0.7 | 388 
19 3 10.3 | 4.6 | 20.4) 0.5 | 376 
0.125 mg. A. T. 10 + 
0.2 gm. Ca (as glu- 
conate) 2 3 11.1 | 5.3 | 21.6) 0.7 | 414 
12 5 10.8 | 3.9 
15 3 10.7 | 4.6 | 21.3) 0.7 | 414 
19 5 10.2 | 4.3 | 18.1) 0.7 | 354 
Parathyroid- 1 gm. alumina gel lf 8 4.7 | 8.5 | 19.5) 0.6 | 465 
ectomized 4 4 7.5 | 6.4 | 23.0) 0.7 | 400 
6 4 8.4 | 4.5 | 23.8) 0.6 | 478 
13 8 9.7 | 5.3 | 21.5) 0.6 | 380 
4 | 6.0 | 22.5) 0.6 | 408 


16-28 4 9. 





* Samples of 3 to 4 ml. of blood were taken from the wing vein of each bird two 
to four times during the course of the experiment. 
Tt Day after operation. 


DISCUSSION 
Chargaff (42) has shown that the vitellin of egg yolk is a lipovitellin 
complex containing about 18 per cent phosphatides, the composition of 
which is essentially the same as that of the phosphatides occurring in egg 
yolk in the free state. Laskowski has been unable to prepare serum vitellin 
free from phospholipid.* Calculation of the correlation coefficient between 
lipid and protein phosphorus for the 105 birds in which these components 
were increased by endogenous or administered estrogens gives the value, 
r = 0.630 + 0.060. This correlation might indicate union between protein 
phosphorus and part of the phospholipid, but it can also be regarded as & 
consequence of the simultaneous increase of both lipid and protein phos- 

phorus under the influence of the same provocative agent (estrogen). 
Benjamin and Hess (43) developed an analytical procedure (combining 
ultrafiltration and adsorption with barium sulfate) to divide the plasma 
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calcium into at least four fractions: filtrable ionic calcium, a filtrable ad- 
sorbable calcitum-phosphorus complex, an unknown non-filtrable adsorbable 
complex, and protein-bound (non-filtrable-non-adsorbable) calcium. Their 
procedure has been widely used by others, but the possibility that protein 
also is adsorbed has apparently been neglected. Data obtained on pigeon 
plasma with their procedure are given in Table V; adsorbed serum vitellin 
and phospholipid, in addition to adsorbed calcium and inorganic phos- 
phorus, were measured. The results show that, as was found by Benjamin 
and Hess (43), part of both ultrafiltrable and non-ultrafiltrable calcium 


TABLE V 


Comparison of Total and Barium Sulfate-Adsorbed Calcium and Phosphorus Fractions 
in Plasma of Pigeons 


Fraction | Control pigeons* = Pigeons with 





hypercalcemiat 
me. per 100] pare cenb “% per 100| per cent 
ml. plasma| adsorbed |ml. plasma) adsorbed 
Total ultrafiltrable inorganic phosphorus Pee | 3.3 | 3.2 | 
Adsorbed “ as | 2.6 | 79 2.5 | 7% 
Total non-ultrafiltrable ‘“ Bi sedsees 0.7 5.3 | 
Adsorbed “ “ | 0.2 | 2@ 1.8 | 34 
Total lipid phosphorus. . | 17.9 42.3 
Adsorbed lipid phosphorus... . sks ive te 2 2.0 5 
Total protein phosphorus...................... | 0.5 18.9 | 
Adsorbed ‘ - ue | 0.2 40 3.5 | 19 
Total ultrafiltrable calecium..................... | 6.1 6.1 | 
Adsorbed ‘“‘ ” | 3.4 56 3.2 | 52 
Total non-ultrafiltrable calcium... | 3.9 27.5 | 
Adsorbed =“ “ 6 oe! 6.7 | 24 
Total non-ultrafiltrable-non- colloidal caleium . | ae 17.3 | 
Adsorbed “ «1 15] @ | 32] 19 














’ Averegs for eleven individuals. 
{ Average for twenty individuals. 


and inorganic phosphorus is adsorbed by barium sulfate; but part of the 
phosphoprotein also is adsorbed. It is therefore impossible to distinguish, 
by the procedure of Benjamin and Hess, protein-bound calcium from the 
non-filtrable adsorbable complex. The results obtained in Table V are in 
better agreement with the view that there is a partial adsorption of all of 
the non-ultrafiltrable calcium fractions rather than a complete adsorption 
of one or more specific fractions. 

Riddle (44) in 1927 noted the probability that the ovarian hormone, 
which is responsible for the cyclic growth of the oviduct, is also responsible 
for the increased plasma calcium, phosphorus, and fat found during the 
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egg-production cycle of pigeons. Almost all of the data published since 
that time have pointed to estrogens as the provocative agent for increases 
in these constituents in the blood of oviparous vertebrates during the repro- 
ductive cycle. The data presented here show that all of the changes in the 
partition of the various calcium, phosphorus, and nitrogen fractions which 
occur in the plasma of female pigeons at or near egg production can be 
duplicated by the injection of estrogens; and estrogens are effective in 
mature and immature, normal, parathyroidectomized, and hypophyseec- 
tomized pigeons of both sexes. 


SUMMARY 


Changes in the partition of the various calcium, phosphorus, and nitrogen 
components of plasma have been studied (a) in female pigeons during the 
reproductive cycle and (b) in male and female, immature and mature, 
normal, fasted, parathyroidectomized, and hypophysectomized pigeons 
injected with estrogens. 

No significant differences occur in either ultrafiltrable calcium, ultra- 
filtrable inorganic phosphorus, or non-protein nitrogen during the 
reproductive cycle or after the injection of estrogens. 

Non-ultrafiltrable calcium, non-ultrafiltrable inorganic phosphorus, 
lipid phosphorus, and protein phosphorus increase markedly from 4 days 
before the ovulation of the first egg until 2 days after the ovulation of the 
second (last) egg. Similar, and even greater, increases result from the 
administration of estrogens in fasted, parathyroidectomized, hypophysecto- 
mized, and normal pigeons. Small increases in the plasma protein nitrogen 
were noted under these conditions. 

A direct relationship (r = 0.955 + 0.009) was found between non- 
ultrafiltrable calcium and non-ultrafiltrable inorganic phosphorus in 
plasmas of estrogen-treated (endogenous and administered) pigeons. The 
non-ultrafiltrable inorganic phosphorus is probably a colloidal form of 
calcium phosphate. 

A direct relationship (r = 0.969 + 0.006) was also noted between non- 
ultrafiltrable-non-colloidal calcium and protein phosphorus in pigeons with 
hypercalcemia due to reproduction or to injected estrogen. 

The calecium-combining capacity of the phosphoprotein, serum vitellin, 
is 8 to 9 times greater than that of other plasma proteins. 

Increments in both colloidal calcium phosphate and _ vitellin-bound 
calcium account for the increased non-ultrafiltrable calcium found during 
reproduction and after estrogen injection. In 72 control pigeons 36 
per cent of the non-ultrafiltrable calcium occurred as colloidal calcium 
phosphate, 12 per cent was bound to vitellin, and 52 per cent was bound 
to plasma proteins other than vitellin. In 102 estrogen-treated (endog- 
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enous and administered) pigeons, however, 37 per cent of non-ultrafiltrable 
calcium Was in the form of colloidal calcium phosphate, only 8 per cent was 
bound to plasma proteins other than vitellin, and 55 per cent was bound to 
serum vitellin. 

Barium sulfate partially adsorbs both colloidal calcium phosphate and 
phosphoprotein-bound calcium; it does not separate satisfactorily the vari- 
ous non-ultrafiltrable calcium fractions. 

Androstenedione (an androgen) had no significant effect on any of the 
calcium, phosphorus, and nitrogen components studied. 


Addendum—After this manuscript was completed the authors had opportunity to 
see & manuscript (soon to be published) by Dr. Walter Fleischmann and Dr. Ilse A. 
Fried. These workers found that the injection of estradiol dipropionate into normal 
immature chicks of both sexes results in large parallel increases in serum calcium, 
inorganic phosphorus, lipid phosphorus, and protein phosphorus (serum vitellin). 
Moreover, when they injected thyroxine and estradiol dipropionate simultaneously 
into normal chicks no increase in these blood constituents resulted, although the 
weight of the oviduct was still.increased. They suggest that thyroxine prevents the 
estrogen-induced increase in serum calcium indirectly either by inhibiting the forma- 
tion of, or causing the destruction of the organic phosphorus compounds necessary 
to bind the augmented calcium. 
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The specific gravity of serum has been shown to be a reliable index of 
serum protein concentration (1, 2). The methods which appear to be 
best suited for the rapid determination of serum specific gravity are the 
falling drop method of Barbour and Hamilton (3), the copper sulfate 
procedure of Phillips ef al. (4), and the gradient tube method of Linder- 
strém-Lang. Although the use of the gradient tube for very precise 
specific gravity measurements has been carefully described (5), there have 
been but brief references to the adaptation of this method to the rapid 
measurement of serum or plasma specific gravity (6-8). 

The simplicity, convenience, speed, and accuracy of the gradient tube 
method recommend it not only for routine hospital use and experimental 
purposes, but the method has been found to be almost ideally suited for 
large scale population studies of protein nutrition. For such survey work 
the fact that only 2 or 3 c.mm. of serum are required is particularly ad- 
vantageous. It appears, therefore, desirable to describe the method more 
fully, and to give the results of 240 comparisons of serum protein values 
determined by the gradient tube with the protein concentrations cal- 
culated from the total nitrogen (Kjeldahl). 

Details of collecting serum from the finger and comparisons between 
serum protein values obtained from finger, ear, and venous blood will be 
given, and the effects of storage, etc., will be discussed. 


Method 


Principle—By the use of mixtures of different proportions of a heavy 
and a light organic liquid, a linear density gradient is established in a 
graduated cylinder. Droplets of serum, 2 to 4 c.mm. in size, are allowed to 
fall into this gradient, and they come to rest upon reaching a point having a 
density exactly equal to their own. The density, and hence the protein 
concentration, are calculated graphically by interpolation from the position 
of droplets of salt solutions of known density. To prevent disturbances of 
the gradient tube by convection currents, the cylinder is installed in 
a jar of water. 
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Materials 

1. Gradient tube and water jacket (Fig. 1), a special 500 ml. graduated 
cylinder (A) fitted inside a larger cylinder (B). (This may be obtained 
from Eimer and Amend, New York, or may be easily constructed in the 
laboratory from readily available material; see Lowry and femmes (7).) 

2. Gradient Solution A, 100 ml. of bromobenzene (sp. gr. 1.49), technical 
grade, plus 150 ml. of kerosene (sp. gr. 0.80); white kerosene is preferable, 
although special purity is not mabe If the specific gravity is not 
1.07 + 0.005 (urinometer), adjust to 1.07 with a little bromobenzene or 
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Fie. |. Gradient tube for determination of serum protein concentration. A, 
graduated cylinder; B, water jacket; C, constriction pipette; D, FE, and F, constric- 
tions; G, copper wire stirrer; H, insertion of droplets; J and A, picene seals on 


blood-collecting tubes. 


3. Gradient Solution B, 70 ml. of bromobenzene plus 180 ml. of kerosene. 
Adjust, if necessary, to a specific gravity of 0.99 + 0.005. 

4. Jacket solution, 0.2 per cent copper sulfate in 0.1 per cent sulfuric acid 
to fill the space between the two cylinders above. (The copper sulfate 
prevents molds and absorbs radiant heat.) 

5. Constriction pipettes (Fig. 1, C), similar to those described by Linder- 
strém-Lang (5) but adapted to deliver 2 droplets instead of 1. The con- 
strictions differ in size, the upper one, D, being a little larger than the 
middle one, £, which is in turn larger than the bottom constriction, F. 
(These are obtainable from Eimer and Amend, New York, or may be con- 
structed in the laboratory with a little practice, by the use of an injection 
needle (size 22 to 25) as a micro burner to make the constrictions.) 

6. Stirrer, a wire spiral made from heavy copper wire, 12 to 16 gage 
(Fig. 1, G) (suggested by Dr. A. M. Butler). 
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7. Blood-collecting tubes, melting point capillaries, H, of 1.5 to 2.0 mm. 
outer diameter, 7 to 10 cm. long, open at both ends, for collecting blood 
(eg. No. 34500 of the Kimble Glass Company, Vineland, New Jersey). 

8. Picene cement for sealing the capillaries.’ 

9. Fine sea sand for removing droplets from the gradient tube. 

10. Specific gravity standards.2 250 gm. of c.p. KSO, are dried over- 
night at 100-110°. 17.64, 23.08, 28.53, 34.04, 39.58, and 45.10 gm. amounts 
are weighed out (tolerance, 0.05 gm.) and each sample is diluted to 1 liter 
to give six standard solutions of specific gravity, 1.0141, 1.0184, 1.0227, 
1.0270, 1.0313, and 1.0356, which are equivalent to serum protein con- 
centrations of 2.5, 4.0, 5.5, 7.0, 8.5, and 10.0 per cent, respectively. These 
specific gravities are calculated relative to water at the same temperature. 
These standards will keep indefinitely if protected from mold and evapo- 
ration by storing in rubber-stoppered bottles in the ice box. For working 
standards, 5 or 10 ml. rubber-stoppered bottles or tubes are filled with these 
solutions. Every week or two the small vessels should be emptied and re- 
filled from the large samples in the refrigerator. 

Preparation of Gradient Tube—The graduated cylinder is filled to the 
middle graduation with Solution A, and on top of this Solution B is care- 
fully layered to the upper graduation. This may be accomplished by 
filtering Solution B into the cylinder, arranging the funnel so that the 
solution runs down the cylinder wall. The space between the two cyl- 
inders is filled with the dilute acid copper sulfate. 

The density gradient is now established by partially mixing the two 
layers with the copper spiral, G,in the following manner. Strokes of 
uniform velocity are made with the spiral between positions 3 or 4 cm. 
above and below the middle graduation until the schlieren effects (disturb- 
ances in transmitted light due to differences in refraction) are of nearly 
the same magnitude throughout the interval. The strokes are then length- 
ened by steps of 6 or 8 cm. until they reach the full length of the column. 
At each step, mixing is continued until the schlieren effects are of the 
same magnitude throughout the interval. It will perhaps be surprising to 
find how much stirring this requires. The usual mistake is to stir too 
little rather than too much. After 5 or 10 minutes, droplets of each of 
the standard solutions are put into the cylinder and the positions at which 
the droplets stop are noted. The total interval between the lightest and 
the heaviest standard should be one-half to one-fourth of the graduated 
length. The standard droplets should be nearly equally spaced (+20 
per cent). If the droplets are too close together, more full length strokes 
should be made. If the gradient does not approximate linearity, it may 


' Pyseal, Eimer and Amend, New York, or Plicene, Central Scientific Company, 


Boston. 


* These may be obtained ready made from Eimer and Amend. 
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be brought into linearity by stirring more when the standards are too cloge 
together, though this will seldom be necessary. If the droplets are too 
widely spaced, there has been too much stirring. In this event the gradient 
should be reestablished as follows: The bromobenzene and kerosene are 
siphoned or poured out, completely mixed, and divided into two equal 
parts. Each part will now have a specific gravity of about 1.03. To one 
part are added 95 ml. of bromobenzene per liter to bring it to 1.07 specifie 
gravity. To the other portion are added 210 ml. of kerosene per liter to 
bring it to a specific gravity of 0.99. With these as the starting solutions, 
the cylinder is filled as before and the gradient is reestablished as described 
above. 

After the cylinder has stood for half an hour, the gradient is ready for 
use. It should be set on a level table out of direct sunlight and away from 
other sources of heat. A light background will facilitate reading. The 
gradient will improve with time, becoming more nearly linear. Eventually 
the intervals between standards will become greater and finally, after 
6 months to a year, depending on use and protection from evaporation, the 
heaviest standard will fall through to the bottom. When this occurs, the 
gradient should be reestablished as described above. In warm weather 
the standards will all lie lower than in cold weather, since the temperature 
coefficient of water is much less than that of the organic solvents. If the 
gradient tube is not kept tightly stoppered when not in use, the more vol- 
atile bromobenzene will evaporate somewhat. 

Use of Gradient Tube—The constriction pipette (Fig. 1) is rinsed two or 
three times and filled to the upper constriction with the heaviest standard, 
a rubber tube being used as with a blood-counting pipette. The pipette 
tip is gently wiped on a slightly moistened piece of filter paper or towel and 
introduced into the gradient tube on the extreme left side. With the tip 
just below the liquid surface and about 5 mm. from the wall, the solution 
is blown down to the middle constriction where surface tension stops it. 
By raising the tip of the pipette through the surface, the droplet pulls 
away and falls. The tip is put back into the liquid and the second droplet 
is delivered a few mm. behind the first. Care is taken not to blow air after 
the second droplet, as this would break it into a fine spray. 

The rest of the standards are put directly on top of the first in the order 
of decreasing specific gravity. The pipette is rinsed several times with 
each new standard before use. For nearly normal sera the 5.5, 7.0, and 
8.5 per cent protein standards will suffice. The positions of the standard 
droplets are read 4 minutes or more after the last standard has been in- 
troduced, by which time all will have reached equilibrium. It is more 
convenient and accurate to read the position of the lower edge of each 

droplet than to try to estimate the height of its center. 
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Serum is delivered in the same manner as the standards. Separate 
pipettes should be used for the standards and for serum, since serum 
leaves a film on the pipette which makes it difficult to pipette salt solutions. 
If there is insufficient serum available to rinse the pipette, it may be rinsed 
with water and dried with acetone before use. There is ordinarily little 
or no error if different sera are pipetted one after another without rinsing. 
If a pipette that has been used for serum remains idle for more than a mo- 
ment, it should be rinsed with water, since otherwise the fine tip may dry 
shut. A dried tip can usually be reopened with concentrated nitric acid. 

The serum droplets are delivered into the gradient tube a few mm. to the 
right of the standards. A duplicate droplet is unnecessary if there is a 
shortage of serumy but its presence increases confidence in the result and 
adds scarcely at all to the time consumed. Each serum is introduced in a 
separate “lane” a few mm. to the right of the previous one. Vertical 
marks at the top of the cylinder aid in placing the droplets in separate 
lanes. As many as ten or twenty serum samples may be inserted if care 
is taken to place them close to each other. If desired, a second row of 
droplets may be inserted 2 or 3 cm. behind the first. Each pair of droplets 
is read 4 + 0.5 minutes after delivery. In the interval, the next three 
or four samples may be put in. ith experience, no difficulty is encoun- 
tered in keeping track of the time and order of the droplets. The po- 
sitions of the standards are plotted on graph paper against their equivalent 
serum protein concentration, and from the resultant curve the unknown 
sera are evaluated. It is unnecessary to consider the temperature of the 


_ gradient tube at all, since both serum and standards have essentially the 


same temperature coefficient. 

Removal of Droplets—After the column becomes full of droplets a little 
of the sea sand is sprinkled into the top of the gradient tube. The fine 
particles adhere to the droplets, carrying them to the bottom, and the 
gradient may be used again immediately. 

Turbidity—If the gradient tube should ever become turbid (due to mois- 
ture), it may be clarified by grinding a little CaCl, with a few ml. of the top 
gradient mixture and quickly pouring the resultant suspension into the 
column. It will be necessary to wait some hours after this before using 
the gradient again, in order to give time for the finer particles of CaCh to 
settle out. 

Collection of Small Serum Samples—Since only a few ¢.mm. are required 
for serum protein determination with the gradient tube, it is possible to use 
the following simple method of serum collection. Capillary tubes, 1.5 to 
2.0 mm. in outer diameter and 7 to 10 cm. long, are provided. Blood is 
taken from the finger or ear lobe, with care to wipe off the first droplet of 
blood and all traces of alcohol before taking the sample. Squeezing the 
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finger is permissible (see below). The capillary tube is about three-qug. 
ters filled by capillarity.2 The tube is tipped until the blood runs to th 
middle, care being taken to keep one end of the capillary dry. The eng 
are sealed as follows: The stick of picene is softened in a flame (mate, 
alcohol lamp, ete.) and applied to the dry end, J, of the capillary whid 
has also been warmed in the flame. For the tight seal required at this end 
the glass must be warm enough for the picene to “‘wet” it. The other enj 
of the capillary, K, is capped with a little picene without warming the tube 
which might otherwise produce hemolysis. The capillary is centrifuged 
5 to 10 minutes at 3000 r.p.m. with the tightly sealed end down. A great 
number of samples may be centrifuged together by wrapping each tube in 


TABLE I 
Blood Samples Taken by Venipuncture and Capillary Puncture from One Individual 
within Short Space of Time 
The values are given in gm. percent. Each value represents a different capillary 
tube. The figures for finger and ear are given in the order in which they were taken. 











Source of blood Remarks = | Source of blood Remarks | 
Vein Macro sample 6.76 | Finger Punc- | Free flow | 6.80 
“ Centrifuged in 6.77 | ture 2 a pe 6.63 
capillary tubes | 6.83 | set yy 6.65 | 
6.78 lO, 6.66 | 
Finger Punce- Squeezing 6.72 | Finger Punc Hard squeezing | 6.7% 
ture 1 Slight squeezing | 6.69 | ture 3 " - 6.76 
Free flow 6.65 " ¥ 6.74 | 
. " 6.67 | Ear Free flow 6.72 | 
Squeezing 6.67 rel kt 6.76 
6.76 | 
pas 6.76 


~ 


a small piece of paper bearing identification. The protein should bk 
measured within 8 hours if kept at room temperature, or within 48 hoursif 
kept at 4-6°. When ready to make the determination, the top of the| 
capillary above the serum is removed after scratching at L (Fig. 1) witha 
diamond point. A second scratch, M, is made just above the red cells and 
the serum segment is removed. The serum is drawn into the constriction 
pipette and transferred to the gradient tube as described above. 

Venous Versus Capillary Blood—Table I demonstrates the correlation o 
blood samples taken from one individual by vein, finger, and ear. The 


This will furnish 4 or 5 times the amount of serum required for the protein deter 
mination; hence, if no other analyses are contemplated, a much smaller amount of 
blood may be taken. 
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yenous samples were obtained from a large blood specimen, part of which 
was centrifuged as a large sample and part of which was transferred to 
capillary tubes for centrifugation. It would appear that centrifuging in 
capillary tubes does not change the specific gravity and that capillary blood 
and venous blood yield identical serum protein values within 0.1 gm. per 
cent. Furthermore, squeezing is without influence on the result obtained. 
This suggests that the well known influence of squeezing on hematocrit 
values is due to dilution with serum rather than to dilution with tissue 
extracellular fluid of lower protein concentration. Except perhaps in the 
ease of Finger Puncture 2, the first sample agrees with the rest. Never- 
theless, it would seem desirable in general to discard the first droplet as is 
done in taking blood for enumeration of red cells. 

Effect of Storage—As with larger samples, the storage of whole blood in 
capillary tubes eventually changes the serum protein concentration (Table 
II). As might be anticipated, the changes occur more rapidly at room 














TABLE II 
Effect of Storage of Whole Blood in Capillary Tubes on Serum Protein Values 
Time stored 
Temperature 0 hr. 2 hrs. | 6.5 hrs. 25 hrs. 48 hrs. 


Protein concentration, gm. per cent 





7.52 
6.91 
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temperature than at 4°. At the lower temperature there was little change 
in 48 hours. At 30° there was no significant change in 6 hours, but a def- 
inite increase in serum density occurred within 25 hours. This change is 
presumably the consequence of the swelling of red cells with attendant 
concentration of the serum, resulting from glycolysis. 

Correlation with Kjeldahl Determination—In 240 individuals without 
obvious liver damage‘ there was found to be a standard deviation of 0.24 
gm. per cent between serum protein values obtained with the gradient 
tube and those calculated from the total nitrogen (Kjeldahl). This cor- 
relation was obtained with the formula, per cent protein = 348 (sp. gr. 
1.0069). This formula was employed since it gave slightly better cor- 
relation with the Kjeldahl values than either the formula of Moore and 


‘Cases with liver damage have been omitted because in many instances the gra- 
dient tube gave distinctly lower values (average 0.2 per cent) than were obtained by 
Kjeldahl determination. One of the authors (T. H. H.) will elaborate on this finding 
elsewhere. 
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Van Slyke (1) (protein = 343 (sp. gr. 1.007)), or that of Weech, Reeve 
and Goettsch (2) (protein = 347.9 (sp. gr. 1.00726)). These latter fo. 
mulae give serum protein values approximately 0.1 gm. per cent lower tha 
the formula we have used. 

Table III shows the correlation of serum protein concentrations oh 
tained with the gradient tube with the values calculated from the tot 
nitrogen. These 240 serum samples were obtained from patients with, 
variety of diseases. The protein concentrations varied from 3.5 to 135 
gm. per cent. Many sera with abnormal albumin to globulin ratios ap 
represented. It will be seen that only 5 per cent of the values obtained by 
the Kjeldahl procedure and the gradient tube deviate by more than +04 
gm. per cent. Looney (9) failed to obtain a high degree of correlation 
between serum specific gravity and serum protein concentration, but w- 
fortunately his serum protein values are based on a turbidimetric pro. 
cedure. 


TaB.eE III 


Correlation of Serum Protein Values Determined with Gradient Tube with Thow 
Determined by Kjeldahl Analysis in 240 Normal and Pathological Sera 














| 


Deviation between methods, gm. %. | +0.0| 40.1 40.2 +0.3| 40.4) 40.5 | +0.6/ 407 


% of determinations with given de- 


viation 16 37 20 14 8 2 2 l 
Cumulative © of determinations de- 
viating more than this given devia- 


tion. S4 47 27 13 5 3 l 0 


DISCUSSION 
From the foregoing it should be possible to assess the advantages and 


disadvantages of the gradient tube for the determination of serum protein. 
The advantages appear to lie in the smallness of the sample required, the 


speed of analysis, the freedom from influence of temperature or size d | 
drop, and the lack of necessity for accurate timing. The CuSO, method 


(4) requires several hundred c.mm.,' the falling drop method 10 c.mm, 


5 We have observed a discrepancy between the specific gravity measured by the 
gradient tube and by the copper sulfate method. For ten serum samples analyzed 
both ways the copper sulfate method gave specific gravity values lighter by an average 
of 0.0016 (standard deviation 0.0003). In comparison with the pyenometer the 
gradient tube appears to yield specific gravity values too heavy by about 0.0005, 
whereas in our hands the copper sulfate method gives values which appear to be to 
light by about 0.0010. Recently (10) a new formula has been introduced for use with 
the copper sulfate method which brings results by the two methods more nearly inte 
agreement (per cent protein = 360 (sp. gr. 1.007) instead of per cent protein = 38 
(sp. gr. 1.007)). 
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whereas for the gradient tube only 2 to 3 c.mm. are required. Indeed, if 
desirable, as little as 0.5 c.mm. in a smaller pipette will suffice. 

Approximately one determination in duplicate per minute may be made 
with the gradient tube. This is somewhat faster than with any other 
specific gravity method. The freedom from dependence upon temperature, 
size of drop, and accurate timing is shared by both the gradient tube and 
CuSO, methods in contrast with the falling drop procedure. Perhaps 
these have been the chief disadvantages of the falling drop method. 

The gradient tube shares in common with all other serum protein methods 
that are based on measurements of specific gravity the disadvantage that 
serum constituents other than protein influence serum density. Although 
this point will be discussed more fully in a subsequent paper, it may be 
noted that in order to influence the apparent serum protein concentration 
by as much as 0.1 gm. per cent it would be necessary to double the normal 
concentration of either the serum lipids, the blood glucose, or the non-pro- 
tein nitrogen. Cholesterol is almost without effect, since its specific 
gravity is close to that of serum. With high serum lipid concentrations an 
error is encountered if the droplets are not read promptly at 4 minutes, 
since the droplets will fall further with time, presumably due to an ab- 
sorption of bromobenzene. The data presented in this paper may be 
taken to indicate that it is rare for any of these factors to affect seriously 
the results obtained. 

The gradient tube method has received extensive trial in the laboratories 
from which this report originates. To date approximately 5000 protein 
determinations have been made on sera, from clinical patients (2500), 
small laboratory animals (1000), and subjects of nutritional surveys (1500). 
The method has continued to give satisfaction throughout. 

Use of Gradient Tube for Determination of Hemoglobin—The specific 
gravity of whole blood has been shown to be an accurate measure of its 
hemoglobin content, particularly if the serum specific gravity is also 
known (Phillips et al. (4)). The gradient tube has proved to be very con- 
venient for this purpose and has been especially valuable in field studies 
when a colorimeter was not available. Only 4 or 5 c.mm. of blood are 
required for a duplicate determination. In the field, a cylinder (100 or 
250 ml.) may be used without a water jacket, to save space. The only 
changes necessary are in the specific gravity range of the column and in 
the density standards. The lighter organic mixture is 69.5 volumes per 
cent kerosene, 30.5 per cent bromobenzene (sp. gr. 1.010); the heavier 
mixture is 55.0 per cent kerosene, 45.0 per cent bromobenzene (sp. gr. 
1110). The standards contain 57.13, 70.22, 83.49, and 96.86 gm. of K,SO, 
per liter with a specific gravity of 1.0450, 1.0550, 1.0650, and 1.0750. 
When needed for very low hemoglobin values, the heaviest serum protein 
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standard (1.0356) may also be used. The gradient is produced and used 
exactly as described for serum protein. For simplicity, blood is draw 
from the finger into a capillary tube (see above) having a small rubbe 
bulb on one end. This rubber bulb is the type used for vaccination 
purposes and is perforated at both ends. The second perforation allows 
blood to enter the tube by capillarity, but on closure of this hole with 
the finger and squeezing the bulb, 2 droplets of blood may be delivered 
directly into the gradient tube. That the 2 droplets will seldom be of the 
same size is immaterial. The blood must, of course, flow freely from the 
finger with little or no squeezing. Calculation of the hemoglobin concea- 
tration is made from the nomogram of Phillips et al. (4). 


SUMMARY 


1. A density gradient tube suitable for the rapid determination of the 
specific gravity of 2 to 3 c.mm. of serum is described and directions given 
for its use. 

2. The collection of a small amount of serum from the finger or ear for 
use in the gradient tube is described. 

3. Comparison is made between serum protein concentration in serum 
from the vein, finger, and ear, and the influence of storage on the results 
obtained is shown. 

4. In 240 individuals without liver damage serum protein values obtained 
with the gradient tube are correlated with those calculated from total 
nitrogen determinations. In individuals without liver damage, a standard 


deviation of 0.24 gm. per cent has been found between results by the two 


methods. 
5. The use of the gradient tube for measuring blood hemoglobin con- 


centration is described. 
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THE POSITION OF FIXED CARBON IN GLUCOSE 
FROM RAT LIVER GLYCOGEN* 


By HARLAND G. WOOD, NATHAN LIFSON, anp VICTOR LORBER 
(From the Department of Physiology, University of Minnesota, Minneapolis) 


(Received for publication, April 2, 1945) 


The fixation of carbon dioxide in rat liver glycogen in vivo was first 
demonstrated by Solomon et al. (1). When radioactive sodium bicarbonate 
was injected intraperitoneally and lactate or glucose (2) was given by stom- 
ach tube to fasted rats, labeled carbon appeared in the liver glycogen. 

Solomon et al. (1) proposed that the fixation Reaction 1 plays an impor- 
tant part in glycogen synthesis by providing a means for circumventing the 
only irreversible reaction in glycolysis; 7.e., the conversion of phospho- 
pyruvic acid to pyruvic acid (3). The mechanism of this circumvention is 
represented empirically by the following steps: 


(1) CH,;-CO-COOH + C*O, s C*OOH-CH,-CO-COOH 

(2) C*OOH -CH,-CO-COOH s C*OOH-CH:CH-COOH 

(3) C*OOH-CH :CH-COOH — CH,:C(OPO;H,)-C*OOH + CO, 
or 


CH,:C(OPO;H,) -COOH + C*0, 


Tue two types of phosphopyruvic acid of Reaction 3 with respect to labeled 
carbon (C*) are a consequence of the symmetrical nature of the dicarboxylic 
acié formed in Reaction 2. The remainder of the path to glycogen, Dia- 
gram 1, is viewed as the reversal of the current schemes of glycolysis in- 
volving combination of 2 molecules of phosphopyruvic acid, with an average 
of 1 out of 2 molecules possessing the fixed carbon as found in Reaction 3. 
The resulting glycogen should, therefore, contain 1 atom in 6 or 16.7 per 
cent of fixed carbon. By making certain assumptions, Solomon et al. (1) 
calculated for their experiments that the value of 16.7 per cent for fixed 
carbon in the glycogen was approached, but not significantly exceeded 
(except perhaps in one experiment in which the result was 20 per cent). 

The current schemes for glycolysis provide (see Diagram 1) that the even- 
tual combination of the 2 molecules of phosphopyruvic acid occurs at their 
carboxyl groups. If this is the case, the resulting 6-carbon chain should 
contain the fixed carbon entirely in positions 3 and 4, and the fixed carbon 
should, moreover, be equally distributed between these positions. 


* Aided by grants from the National Foundation for Infantile Paralysis, Inc., 
and the Rockefeller Foundation, Research in Biology and Medicine. 
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The purpose of the present investigation has been, therefore, to dete. 
mine whether or not the actual location of the fixed carbon in the glucog 
from liver glycogen is in agreement with these theoretical expectations. 


Methods 


The procedure as related to treatment of the animals was, with certain 
modifications, similar to that of Vennesland et al. (2). White rats Weighing 


D1aGRaM 1 
Mechanism of Synthesis of Glycogen from Phosphopyruvate 


CH;,:C(OPO;H,)-C*OOH = CH,OH-CH(OPO;H,)-C*OOH 
Phosphopyruvatet 2-Phosphoglycerate 


= CH,(OPO,;H:)-CHOH-C*OOH = CH:,(OPO;H.)-CHOH-C*O(OPO;H;) 
3-Phosphoglycerate 1,3-Diphosphoglycerate 


= CH,(OPO;H:)-CHOH-C*HO = CH,(OPO;H:)-CO-C*H,OH 
3-Phosphoglyceraldehyde Dihydroxyacetone phosphate 


= CH;(OPO;H,)-COH-C*HOH-C*HOH-CH-CH,(OPO;H:) 
oO J 
Hexose diphosphate 





= CH,OH-COH-C*HOH-C*HOH-CH-CH,(OPO;H:2) 
oO j 
Fructose-6-phosphate 





+ CHOH-CHOH-C*tHOH-C*HOH-CH-CH,(OPO;H:) 
oO J 
Glucose-6-phosphate 





= CH(OPO,H:)-CHOH-C*HOH-C*HOH-CH-CH;0OH = glycogen 
O 
Glucose-l-phosphate 





t Phosphopyruvate is presumed to be provided by Reaction 3 in the text. 


200 to 340 gm., fasted 48 hours, were fed by stomach tube 600 mg. of glucose 
per 100 gm. of body weight in either 20 or 30 per cent solution. The teeth 
of the animals were clipped prior to feeding. A total of about 10.0 ml. d 
0.35 m NaHCO; per 100 gm. of body weight was injected intraperitoneally 
in seven nearly equal portions at } hour intervals, the first injection occur 
ring immediately after the glucose administration. 

3} hours after the feeding (} hour after the last bicarbonate injection), 
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100 mg. of sodium amytal per 100 gm. of body weight were given 
jntraperitoneally. Additional anesthetic was sometimes necessary because 
of the large amounts of fluid already present in the peritoneal cavity. 
When the anesthetic had taken effect, the peritoneal cavity was opened and 
the excess fluid contained therein was soaked up in weighed absorbent cot- 
ton sponges and held for analysis. The livers were extirpated and 
immediately placed in hot 30 per cent KOH. The glycogen was isolated 
and hydrolyzed to glucose. 

In the later portions of the experimental period the rats appeared ab- 
normally apathetic and their abdomens and flanks were markedly distended 
with fluid. The relatively massive doses of more than twice isotonic 
NaHCO; solution were used to achieve a sufficient heavy carbon content 
in the liver glycogen. 

In two experiments the respiratory carbon dioxide was collected and its 
C¥ content determined. The rat was placed in a wire mesh cage in a desic- 
cator fitted with 2 nN NaOH in an evaporating dish, calcium chloride, and 
a source of oxygen. The recovery of the total respiratory CO, was not 
quantitative, but was representative of the period of collection. 

The position of the heavy carbon in the glucose was determined by two 
different types of degradation. 

Bacterial Degradation of Glucose—The C* glucose, which was isolated 
from the rat liver, was fermented to lactic acid with Lactobacillus caset. 
The lactate was then oxidized with KMn0Q, to acetaldehyde and CO,; and 
the aldehyde was further degraded to iodoform and formic acid (4). 


(4) CHOH-CHOH-C*HOH-C*HOH-CH-CH,0H — 2CH;-CHOH-C*OOH 





1| 2 3 4 5| 6 
O j 
(5) CH;:-CHOH-C*OOH ae... ee CH;:-CHO + C*0, 
3,4 
NaOlI 
(6) CH,-CHO —~"——>.CHI, + HCOOH ° 
1,6 2,5 


Chemical Degradation of Methyl Glucoside—The glucose was converted to 
methyl glucoside and oxidized with periodic acid at room temperature; 
carbon atom 3 is split out as formic acid (5) (first oxidation). 


CH(OCH;): CHOH.C*HOH-C*HOH-CH-CH,0H — 
(7) 





—— ft) 
Vv 


CH(OCH;)-CHO fockall Mate + HC*OOH 
| 3 


sy 
Vv 
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The formic acid was removed and recovered as CO, by oxidation with 
HgO (6), after which periodic acid was added to the remaining dialdehy& 
and the mixture was steam-distilled. At boiling temperature the glucosid 
linkage of the dialdehyde is probably broken and the two resulting 
aldehydes are oxidized by the periodic acid (second oxidation). The prin 
cipal products are formic acid, methyl alcohol, and formaldehyde, the latte 
arising from carbon atom 6, since it is known (7) that periodic acid convery 
the —-CH,OH groups of polyhydroxy compounds to formaldehyde. 


CH(OCH;):CHO C*HO-CH-CH,OH > 
(8) 


L —.Y) 





CHO-CHO + C*HO-CHOH-CH,OH + CH,OH — 
3HCOOH + HC*OOH + HCHO + CH,0# 


1,2,5 } 6 


Details of the two methods are presented below. 

Isolation of Glycogen—The glycogen isolation was carried out by th 
method of Good, Kramer, and Somogyi (8) with two alcoholic precipite 
tions. The glycogen from each liver was hydrolyzed in 2 ml. of 1 n H,80, 
for 24 to 3 hours in a boiling water bath, and determined as glucose-reducing 
equivalent by the Shaffer-Hartmann method. As indicated in Table I, th 
total carbon of the sample was grossly higher than that calculated from th 
glucose value; impurities were therefore present in the isolated glycogen. 

Bacterial Degradation of Glucose—The fermentations were conducted with 
a suspension of Lactobacillus casei, which was centrifuged from a 3 day 
growth at 37° in glucose 1 per cent and Bacto-yeast extract 0.5 per cent. 
The cells were washed three times with 20 volumes of distilled water. Th 
fermentation was carried out under CO, and at 37° in a Warbug 
respirometer with 150 ml. flasks. The reaction mixture contained 2 pe 
cent wet bacteria, 0.06 m NaHCO,, and the glycogen hydrolysate; the final 
volume was 30,ml. The sulfuric acid in the hydrolysate was previously 
neutralized with sodium hydroxide; the sulfate in the reaction mixture wai 
thus less than 0.06 m. When the fermentation was complete, as judged by 
cessation of gas evolution, the bacteria were removed by centrifugation and 
the lactic acid was recovered by ether extraction. 

The following procedure was used to remove miscellaneous impurities 
A continuous 24 hour extraction with ethyl ether was made on the alkaline 
solution. This extract was discarded and the lactic acid was extracted from 
the acidified residue. The extract was then distilled with steam to remove 
volatile compounds. The lactic acid, which remained in the residue @ 
distillation, was then oxidized with permanganate (9) and the acetaldehyde 
was collected in bisulfite, the carbon dioxide in alkali. The acetaldehyde 
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was further degraded by the iodoform reaction (4). The data are presented 
jn Table II. 

Preparation of Methyl Glucoside—The hydrolysate, containing 100 to 200 
mg. of glucose, was neutralized to phenolphthalein with Ba(OH): and was 
centrifuged, filtered, and evaporated to a thick syrup in a small beaker, in a 
yacuum desiccator at room temperature. The sugar was then transferred, 
with a total of about 5 ml. of water, toa 1.5 X 15 cm. Pyrex test-tube, and 
the drying continued. When completely dried, the material formed a 
brittle, foamy looking mass which was suitable for subsequent treatment. 

Methylation was carried out in the test-tube according to the method of 
Fischer (10). To the dry residue, 2 ml. of anhydrous methanol-HCl (0.25 
per cent HCl) were added and the mixture was refluxed for 30 to 45 minutes 
with frequent shaking. The test-tube was then sealed and placed in an 
oven at 100° for 50 hours. Following this, charcoal was added. The mix- 
ture was shaken briefly, permitted to stand for } hour, and was then filtered 
into a small weighed flask, with repeated methanol washing of the filter. 
Concentration to a thick syrup was carried out in an air bath at 60-70° 
under a current of air. The flask was seeded with a minute crystal of 
methyl glucoside and was rotated in an ice water bath while crystallization 
was taking place, permitting the formation of a thin film of crystals on the 
walls of the container. After standing in the ice box overnight, the crystals 
were covered with ethyl ether and permitted to stand, with one change of 
ether, for 24 hours. This treatment usually removed the faint yellowish 
discoloration from the crystals. The glucoside was dried in an oven at 
about 50° and weighed. 

Yields by weight of about 75 per cent of theoretical were obtained by this 
method. 

The copper-reducing power of the final product corresponded to a glucose 
content of 1 to 2 per cent, as judged by the result of control syntheses with 
pure glucose. 

Chemical Degradation of Methyl Glucoside—The procedure used for the 
chemical degradation was as follows. 

1 ma or less of solid methyl glucoside was oxidized for 2 hours at room 
temperature by dissolving it in 0.25 m HIO, (free acid, not acidified salt) 
equivalent to 2 mm of HIO, per millimole of glucoside. 

This reaction mixture was diluted to 20 ml., 3 gm. of HgO were added, 
and the mixture was boiled and aerated for 20 minutes. The resulting CO, 
is from the formic acid of the first oxidation (carbon 3). 

The mercury salts were removed by filtration into a steam distillation 
flask, and 25 ml. of 0.25 m HIO, were added; the total volume was now ap- 
proximately 70 ml. Steam distillation was not begun until the volume was 
reduced to15 ml. A total of 250 ml. of distillate was collected. 
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By simultaneous oxidation and steam distillation the formaldehyde was 
removed as it was formed; in this way secondary oxidation of the 
formaldehyde was reduced. Some CO, was formed during this step; its 
source in terms of glucose carbon atoms is unknown. This fraction jg 
labeled CO, in the Tables III and IV. 


20 gm. of HgO were added to the distillate, the mixture was boiled for 29 | 


minutes, then 2 ml. of 1.7 m H3;PO, were added, and the mixture was boiled 
and aerated for 15 minutes. The resulting CO, is from the formic acid of 
the second oxidation. 

The mercuric salts were removed by filtration. 25 ml. of 1 N NaOH were 
added to the filtrate, followed by 30 ml. of 0.05 Nn iodine. The ice-cold 
mixture was held for 10 minutes, then acidified with 0.1 ml. excess of 2x 
H.SO,, and the excess I; was titrated with 0.1 N NasS.O;. The form- 
aldehyde is converted to formic acid by this oxidation. 

To the above solution 20 ml. of 0.3 m mercuric acetate and 5 ml. of ly 


acetic acid were added, and the mixture was boiled and aerated for 20 | 
minutes (11). The resulting CO, is from the formic acid arising from the 


formaldehyde of the second oxidation (carbon 6). The conversion of the 
formaldehyde to formic acid with hypoiodite and to CO2 with mercuric 
acetate was considered a reliable procedure for obtaining uncontaminated 
carbon from the formaldehyde. 

The conversion of authentic formaldehyde to carbon dioxide by hy- 
poiodite oxidation followed by mercuric acetate oxidation was found to be 
quantitative. 

A number of other procedures for degradation of the methylated 
dialdehyde were attempted with less success, for example, hydrolysis with 
dilute hydrochloric acid followed by oxidation of the products with periodic 
acid. Refluxing with periodic acid, removal of the periodic acid as barium 
salt, and steam distillation of the products, formaldehyde and formic acid, 
were also tried. Bromine oxidation according to the procedure of Jackson 
and Hudson (5) was attempted without success, perhaps because of the 
limited amount of material available. 

Heavy carbon was determined with the mass spectrometer. The C" 


values are expressed as atoms per cent excess C"*; 7.e., per cent C™ in excess | 
of the per cent of C™ in normal (unenriched) carbon. Carbon dioxide ob- } 
tained from c.p. bicarbonate was assigned a value of 1.09 atoms per cent | 


C® and was used as a standard in calibrating the mass spectrometer. This 


calibration correction was not greater than +0.02 atom percent. The per | 


cents are calculated on the basis of the total carbon (C“ + C™). The C® 
contents of bicarbonate carbon, of normal animal glycogen carbon, and 
normal animal glycogen carbon isolated from 30 per cent KOH to whieh 
heavy bicarbonate was added all were found to be identical within ex- 
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perimental error. The error may be considered to be +0.01 atom per 


cent C®. 
Results 


Table I summarizes the general experimental data. It is evident that 
there was rapid transfer of the bicarbonate from the peritoneal cavity and 
that the glycogen hydrolysate of the liver contained excess C" from the 
fixed carbon. The absorption of C™ bicarbonate was greater than the net 
absorption of bicarbonate, which indicates that there was an exchange of 
bicarbonate between the peritoneal contents and the body fluids. 




















TABLE I 
General Experimental Data 
a My: : : 
| mes i | Absorption he peritoneal Hydrolyzed glycogen 
Ex- 
Ra | | 
ment | ae _ ~~ m. as| Cin 
\e ol- o- | , a. eo 
ane | tasty cu Volume | HCO; cu oa & cent | total 
value 
, atoms 
= ml. | cent Falk ml. Foe we ph we. — 
I} 200 | 21 0.35 | 5.1 —10.5 51 73 58 184 | 0.04 
II | 340 | 31.5) 0.35] 9.0 —8.7 51 79 65.5 
325 )31.5 0.35| 9.0 | -8.7| 54 mn io.) ™ 1 
III |} 230 | 22.4/0.35 | 5.25 
240 | 22.4 | 0.35 | 5.25 12s 117 | 0.06 
IV | 200 | 21 0.35 | 5.25 
270 | 28 | 0.35 | 5.25 287 137 | 0.038 
200 | 21 0.35 5.25 
Vi} 225 | 16.8 | 0.135) 5.25 +3.9 93 99 97 
VI | 255 | 25.9| 0.35 | 4.64 | -11.8| 61 85 122 


























The results from the bacterial degradation of the C™ glucose from the 
rat liver glycogen are shown in Table II, in which it will be noted that all the 
excess labeled carbon appeared in the carboxy] group of the lactate. 

The results from the chemical degradation of C™ methyl glucoside are 
shown in Table IV. Excess heavy carbon was present in the formic acid of 
| the first and second oxidations, but there was none in the formaldehyde. 


DISCUSSION 


_ The conclusion we have drawn from these results is that all the detectable 
_ fixed carbon is in positions 3 and 4 of the glucose chain. The discussion pre- 
sents the evidence and logic by which this conclusion is reached and a con- 
sideration of the inferences of this conclusion in relation to the bio- 
chemical significance. 
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Reliability of Bacterial Degradation of Glucose—There was reasonable 
agreement in the fermentation of the hydrolyzed glycogen between the 
millimoles of glucose (determined as reducing substance) and the lactie acid 
(determined by CO, evolution from bicarbonate). This fact indicates that 
the bacteria probably did not ferment non-carbohydrate impurities in the 


hydrolyzed glycogen. The aldehyde and CO, were formed in equal molar | 


amounts in the permanganate oxidation of the residue of steam distillation, 
an indication that lactate was probably the only compound giving rise to 
these products. While the yield of iodoform and formic acid from the 
degradation of the acetaldehyde was only 55 per cent, this is similar to that 
obtained with known acetaldehyde. There is thus reason to believe that 
the bacterial degradation was specific for sugar carbon, and reliable. 


The calculated values given in Table IT for the degradation products were | 


derived on the basis that all the excess C™ in the glucose was in positions 3 
and 4; therefore the per cent excess C™ in these two positions is assumed to 


TaBLe II 
Bacterial Degradation of C'* Glucose from Rat Liver Glycogen 


The C' values are in atoms per cent excess. 








Experiment II 
cu 








Fraction Carbon atom of glucose a ee I 
CO, 3,4 0.16* 0.28* 
Formic 2,5 —0.01 0.00 
CHI; 1, 6 0.00 —0.01 





* The calculated values for the C'* in carbons 3 and 4 are 0.21 and 0.33 respectively 
in Experiments I and IT. 


be 3 times that of the whole glucose molecule. The C™ content of the glu- 
cose was calculated from the determined value for reducing sugars on the 
assumption that all the excess C" was in the glucose and none was in the 
impurities of the hydrolyzed glycogen. In other words, the millimoles of 
excess C™ were considered to be the same in the glucose as that in the total 
carbon of the hydrolyzed glycogen. 

The major limitation of both the bacterial and chemical degradations was 
that it was not possible to make a completely accurate quantitative estimate 
of the total proportion of labeled carbon in each degradation fraction. This 
limitation resulted from the error of the spectrometer (+0.01) and the 
relatively low C" concentrations to be measured. 

For example, if 10 per cent of the C™ of the total carbon in the hydrolyzed 
glycogen was in positions 2 and 5 of the glucose, the C™ content of this car- 
bon would be raised to 0.02 per cent above the normal and the excess C* 
would be just detectable by careful analysis. 
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With the exception of this limitation the results of the bacterial degrada- 
tion are thought to be adequate and precise. 

Reliability of Chemical Degradation of Methyl Glucoside—Two examples 
of results from the degradation of authentic methyl glucoside, which was 
synthesized from c.p. glucose (10), are shown in Table III. It is evident 
that there is some variation from the calculated values as based on Reac- 
tions 7 and 8. 

The formic acid from the first oxidation was usually 100 per cent or 
greater than the calculated value. A low recovery, such as that shown in 
Experiment II of Table III, was the exception. The results of Jackson and 
Hudson (5) prove that it is carbon atom 3 that is split out in this oxidation 
and the present results indicate that there is 100 per cent cleavage. 

















TaBs_e III 
Degradation of Authentic Methyl Glucoside 
Experiment I Experiment IT 
Fraction | Total carbon Total carbon 
Determined Calculated* Determined Calculated* 
mM mM mM mu 
Methyl glucoside............... 4.95 4.91 
Formic acid, Ist oxidation (car- 
bon 3)....... 0.77 0.71 0.64 0.70 
“0 = See - 2.21 2.83 2.48 2.81 
Formaldehyde (carbon 6)....... 0.38 0.71 0.39 0.70 
ae 0.41 0.55 














*Calculated on the basis that the degradation occurs according to Reactions 
7 and 8. 


The recovery of formaldehyde which is specific for carbon 6 (7) was some- 
what more than 50 per cent. 

The formic acid from the second oxidation is less well defined but is prob- 
ably made up largely from carbon atoms 1, 2, 4, and 5 plus some of carbon 
6. When 1.62 mm of authentic formaldehyde were subjected to the pro- 
cedures involved in carrying out Reaction 8, there were obtained 0.33 mm 
of formic acid and 1.29 mm of formaldehyde. Apparently part of the form- 
aldehyde was oxidized to formic acid. It, therefore, is to be expected 
that a part of the glucose carbon from position 6 will be included in the 
formic acid of the second oxidation. On a 4-carbon basis the recovery was 
approximately 80 per cent in the second oxidation. It is not known 
whether the formic acid arises in the same proportion from each of the 4 
carbon atoms. 

Methy] alcohol was not found to yield a significant quantity of formic 
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acid or formaldehyde when subjected to the degradation procedure. Ther 
is, therefore, no appreciable contamination from the alcohol which arises 
from hydrolysis of the glucoside. 

Table IV contains analogous data for the chemical degradation of 0% 
methyl glucoside synthesized from glucose obtained from the experimental 
animals. For these samples the calculated millimoles of carbon in the 
various degradation fractions are made on the basis of Reactions 7 and § 
and the determined total carbon in the isolated methyl glucoside; 7.e., that 
the millimoles of methy] glucoside equal those of total carbon divided by 7, 

Comparison of the yields of oxidation products from the isolated glucoside 
with that from known methy] glucoside reveals that there were discrepan- 
cies between the two degradations. The recovery of formic acid in the 


TaBLe IV 
Chemical Degradation of C® Methyl Glucoside from Rat Liver Glycogen 


The C™ values are in atoms per cent excess. 




















Experiment III Experiment IV 
Fraction Total easben 7 cu Total carbon | cu 
| Deter- Calcu- | Deter- | Calcu- | Deter- | Calcu- | Deter- | Caleu- 
mined | lated | mined | lated* | mined | lated | mined | lated* 
i mu — mM mM fin 
Methyl glucoside..... 1.49 0.06 | 3.70 0.04 (0.046 
Formic acid, Ist oxidation | | 
(carbon 3) 0.20 | 0.21 | 0.15 | 0.21 | 0.43 | 6.53 | 0.10 10.156 
Formie acid, 2nd oxidation...| 0.28 | 0.85 | 0.05 | 0.05 | 1.13 | 2.12 | 0.04 |0.039 
Formaldehyde (carbon 6).....| 0.08 | 0.21 | 0.00 | 0.00 | 0.31 | 0.53 | 0.00 |0.000 
7 Sy | eer eee mo oe | 0.03 | 0.41 | 0.02 | 








* C8 of glucose (calculated as described in the text) X (6/7). 


first oxidation and of formaldehyde was roughly in the same proportion as 
that from authentic methyl glucoside. The formic acid from the second 
oxidation was considerably lower. In Experiment III (Table IV), the 
deviation from the calculated millimoles is large; in Experiment IV, in which 
more material was used, the results were somewhat better. It is reasonably 
certain that part of these discrepancies are due to impurities in the methyl 
glucoside synthesized from rat liver glycogen. The actual amount of 
methyl glucoside probably was less than indicated by the total carbon. 

For the purpose served, it is doubtful whether these impurities greatly 
impaired the reliability of the degradation. This view is taken, since in the 
bacterial fermentation substantially all the excess C of the hydrolyzed 
glycogen was accounted for fairly satisfactorily in the lactic acid. It 
therefore unlikely that the non-carbohydrate impurities contained any ap- 
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iable excess C. In this case inclusion of carbon from these impurities 
in a fraction of the degradation would only dilute the C® in the particular 
degradation product of the glucoside. Such dilution would in part account 
for the fact that the C"* of the formate of the first oxidation (Table IV) was 
somewhat below the calculated value. 

The principal use of the chemical degradation of glucose was to supple- 
ment the bacterial degradation and to locate more definitely the positions of 
the labeled carbon; 7.e., to determine whether the C™ was in the 1 or 3 and 
4or6carbon. Although the results (Table IV) may not possess the com- 
plete quantitative significance attributable to them had the glucoside been 
pure, they do justify the statements that carbon atom 3 of the glucose contained 
labeled carbon (formic acid of first oxidation), that carbon atom 6 of the glucose 
did not contain labeled carbon (formaldehyde), and that there was labeled carbon 
in the glucose in some position or positions other than carbon atom 3 (formic 
acid of second oxidation). 

It has not been assumed, in determining the location of fixed carbon, that 
the bacterial fermentation occurs exactly as illustrated in Reaction 4. Only 
two assumptions have been made concerning the bacterial degradation; 7.c., 
that the lactic acid fermentation involves a cleavage of the 6-carbon glucose 
chain into two 3-carbon fragments which appear as lactic acid, and that 
there is no rearrangement of the carbon atoms in the chain. If this is the 
case, since excess C’ was present in only one position of the lactic acid, the 
carboxyl group (Table II), not more than 1 carbon atom in each half of the 
glucose chain contained labeled carbon. However, since 2 glucose carbons 
are included in the carboxy] group of the lactic acid, it cannot be ascertained 
by bacterial degradation alone to what extent the excess heavy carbon was 
present in one or both of these glucose carbons. 

It further follows from the above assumption that positions 2 and 6 of the 
glucose chain did not contain fixed carbon, for the carbon atom of the carboxyl 
group of the lactic acid is the terminal atom of its 3-carbon chain and could 
have been derived only from positions 1 or 3 and 4 or 6 of the two halves of 
the glucose chain respectively. 

These conclusions, when taken in conjunction with those of the chemical 
degradation, justify the further conclusion that the labeled carbon is in posi- 
tions 3 and 4 of the glucose chain. There is no labeled carbon in positions 
2and 5 (bacterial degradation). The presence of labeled carbon in atom 3 
(chemical degradation) excludes it from atom 1, since it cannot be in both 
atoms 1 and 3 (bacterial degradation). The absence of labeled carbon from 
atom 6 (chemical degradation) and the presence of labeled carbon in posi- 
tion 1, 2, 4, and 5, taken as a group (chemical degradation), require that 
labeled carbon is in position 4, since atoms 1, 2, and 5 have already been 
stated to be free of excess C“. It may also be noted that, as nearly as can 
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be judged by the methods used, the fixed carbon is in approximately equal 
concentrations in positions 3 and 4. 

Inferences and Biochemical Significance of Results—The question arises 
to the significance of these results in interpreting the mechanism of fixation 
of carbon dioxide and of synthesis of glycogen. 

It is apparent by examination of the equations in Diagram 1 that ther. 
sults are in full agreement with the scheme proposed by Solomon et al. This 
result, of course, does not prove that the scheme is completely correct, but 
it does add considerable weight to the proposal. However, the same distri. 
bution of the labeled carbon would be obtained if labeled pyruvate was 
formed by a reversible equilibrium involving 2- and 1-carbon additions, 
Utter et al. (12) have demonstrated such a reaction with bacteria, but ther 
is as yet no evidence of the reaction in animal tissue. 

The present results do not answer the most important question con- 
cerning the scheme; 7.e., whether or not the fixation reaction is essential for 
the formation of phosphopyruvate. The Harvard investigators (1, 2, 13) 
attach significance to the observation that nearly the theoretical amount of 
glycogen as estimated from their scheme was found to be derived from ear- 
bon dioxide. This fact is taken to indicate that all the glycogen may be 
formed via the fixation reaction and that this was a consequence of the fact 
that the fixation mechanism was the only means of formation of phospho- 
pyruvate from pyruvate. However, whether the fixation reaction is e- 
sential or non-essential, if it reaches equilibrium with the chain of reactions 
involved in glycogen formation, the concentration of fixed carbon will be the 
same in the glycogen. 

There is some question concerning the maximum theoretical value for the 
concentration of fixed carbon dioxide in the glycogen. Actually, if the 
conversion of pyruvate to oxalacetate and fumarate (Reactions 1 and 2) was 
completely reversible and sufficiently rapid, both carboxyls of fumarate 
would come to equilibrium with the carbon dicxide. In this case the phos 
phopyruvate, as derived from the fumarate, would contain C™® in the 
carboxyl group in concentration equal to the free carbon dioxide at the 
place of reaction and the theoretical maximum would be 33.3 per cent rather 
than 16.7 per cent. 

In the present investigation the theoretical value was not approached as 
closely as that attained by the Harvard investigators. In the experiments 
of the Harvard group the rats weighed 87 to 131 gm., were fasted 
for 24 hours, given intraperitoneally 7.5 to 8.4 ml. of a NaCl-NaHCO; solu- 
tion, the bicarbonate concentration of which varied from a trace up to 0.126 
Mm; the time of removal of the liver was 2} hours after the first injection. In 
the present modification the rats were heavier, were fasted 48 hours, and 
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given intraperitoneally about 10 ml. of 0.35 m NaHCO; per 100 gm. of body 
weight, and the time of removal of the liver was 3} hours. However, in a 
single experiment, Experiment V, Table V, we have eliminated some of 
these differences in details, the most important remaining discrepancy being 
perhaps in the weight of the animal. Table V shows a comparison between 
the results of Experiment V (Harvard method) and that of Experiment VI 
which may be taken as typical of the other experiments we have performed. 

From Table V it would appear that in the Harvard method the atoms 
per cent excess C* were not greatly different in the intraperitoneal fluid and 
respiratory air and presumably in the internal body fluids. In contrast, 
in Experiment VI, in which a large amount of bicarbonate was given, the 
atoms per cent excess C™ in the intraperitoneal fluid were considerably 
higher than in the blood or respiratory carbon dioxide, the amount in the 
latter two being not greatly different. 


TABLE V 
Comparison of Harvard Method and Method of Present Investigation 
The C"* values are in atoms per cent excess. 








ee) a 
cu cu 
Carbons 3 and 4 of glucose.................. 0.03 0.10 
Respiratory CO:, Sample 1................. | 0.29 0.58 
” ™ = 6 6c daca wacerarmetarars | 0.31 0.65 
" ©  Bisiinseieee | 0.31 | 0.70 
“ es “ 4. sgcinaiaia’ | 0.68 
Intraperitoneal fluid <to aaae are | 0.27 1.74 
me maearbomate. .......... 0. ssc nds ce dan an | | 0.61 





The C" in carbons 3 and 4, which contained all the fixed carbon in the 
glucose, was found to have only one-tenth and one-seventh as much C¥ 
excess in Experiments V and VI, respectively, as the respiratory carbon 
dioxide. Clearly the respiratory carbon dioxide did not approach equilib- 
rium with carbons 3 and 4 of the glucose under the conditions of these ex- 
periments. The Harvard investigators report some experiments in which 
they obtained similar low fixation. It is possible that this small fixation 
may occur because part of the glucose is converted directly to glycogen with- 
out equilibration with phosphopyruvate. In this case the inclusion of car- 
bon dioxide would not occur. In fact, Boxer and Stetten (14) have 
presented evidence that there is, in part, a direct conversion of glucose to 
glycogen which does not equilibrate with 3-carbon intermediates. It may 
be only under very limited conditions that complete equilibrium of glucose 
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and pyruvate is attained. Even when lactate is fed, it is conceivable thy 
preformed glucose in the animal tissue may enter directly into the glycogen 
However, Boxer and Stetten found the greater part of the glycoge 
molecule to arise from 3-carbon fractions under this condition. It seems 
likely that some approach other than determination of the amount of fixed 
carbon will be necessary to establish definitely whether or not the fixation 
reaction is essential for glycogen synthesis from pyruvate. 

The present results give valuable information relative to the mechanism 
of the bacterial fermentation. Proof is provided that lactic acid is formed 
from the glucose carbon chain in such a way as to yield the same carbon dis. 
tribution (Reaction 4) as is predicted for animal glycolysis. It does not 
necessarily follow that the intermediate mechanisms are identical, though 
this is probably the case (15). The bacterial fermentation provides 4 
reliable method for degradation of glucose, which should prove valuable for 
further investigations. 

It is to be noted that in neither the animal nor bacterial conversions was 
the labeled carbon randomized between positions 1 and 3, or 4 and 6 of the 
glucose. This fact proves that at no point in glycolysis is there a symmetti- 
cal 3-carbon intermediate. If dihydroxyacetone or a diphosphate ester of 
dihydroxyacetone was an intermediate, the labeled carbons of positions 3 
and 4 of the glucose would have been converted into both methyl and car- 
boxy! groups of the lactate. The present results are, therefore, in complete 
agreement with current concepts of the mechanism of glycolysis. 


SUMMARY 


The glycogen of rat liver was isolated following intraperitoneal adminis- 
tration of heavy carbon bicarbonate and feeding glucose by stomach tube. 
The position of the labeled carbon in the glucose from the glycogen was 
determined by bacterial and chemical degradation. The results show that 
carbon dioxide carbon is fixed in positions 3 and 4 of the glucose. The dis- 
tribution of the isotope between the two positions is not indicated un- 
equivocally by the data, but is tentatively considered to be equal. These ob- 
servations are in accord with, but do not necessarily prove, the mechanism 
of glycogen synthesis as proposed by Solomon et al. (1). The C* distribu- 
tion in the glucose and in the lactic acid obtained by bacterial degradation 
of this glucose is that predicted by current concepts of glycolysis. 


We wish to express our thanks to the staff in the Physics Department of 
the University of Minnesota, and especially to Dr. A. O. Nier, for their 
generous cooperation in this investigation, and to Miss Carol Carlson, who 
rendered valuable technical assistance. 
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THE ADENOSINETRIPHOSPHATASE ACTIVITY 
OF MYOSIN PREPARATIONS 


By H, O. SINGHER* anp A, MEISTER 
(From the Department of Physical Chemistry, Harvard Medical School, Boston) 


(Received for publication, March 19, 1945) 


The recent finding that myosin preparations are capable of hydrolyzing 
adenosine triphosphate (ATP) has been considered evidence of a relationship 
between this protein and the energy-providing mechanisms of skeletal 
muscle. It has been reported by Engelhardt and Ljubimova (1, 2) that 
myosin prepared from rabbit muscle and precipitated by dilution, dialysis, 
salting-out, or acidification ‘exhibited adenosinetriphosphatase activity. 
After three precipitations the preparations were capable of hydrolyzing 
one-half of the labile phosphorus of ATP and were incapable of acting upon 
adenosine diphosphate (ADP). Bailey (3) and others (4-7) have re- 
ported essentially similar results with rabbit myosin and myosin of other 
species. Thus far it has not been possible to separate the adenosinetri- 
phosphatase activity from myosin and the tentative assumption has been 
made by some that the enzyme is, in fact, identical with myosin. Engel- 
hardt et al. (8) have determined the effect of ATP upon myosin threads 
and have reported that these fibers increase in length when immersed in 
solutions of ATP. This is advanced as further evidence of a close relation- 
ship between myosin and ATP. 

The obvious importance of these findings relative to muscular contraction 
initiated the series of experiments reported here. The present work, which 
differs in certain respects from that previously reported, deals with the 
hydrolysis of ATP by myosin preparations and the effects of various agents 
upon this reaction. 


EXPERIMENTAL 


Analytical Procedures—Phosphorus was determined by the method of 
Fiske and Subbarow (9). Nitrogen determinations were carried out by the 
procedure of Koch and McMeekin (10). The portable apparatus of Edsall 
and Mehl (11) was employed for observation of double refraction of flow. 

Preparation of Adenosine Triphosphate—The calcium salt of ATP was 
prepared by the method of Fiske and Subbarow (12) and by that of Sub- 
barow.! The barium salt was prepared according to the procedure of Kerr 


* From part of the thesis presented by one of the authors (H.O. 8.) to the Graduate 
School of Harvard University in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 

' Subbarow, Y., unpublished. 
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(13). The sodium salt was prepared from the barium compound by precipi- 
tation with the stoichiometric amount of sulfuric acid. The solution wag 
adjusted to pH 7 with sodium hydroxide, as determined by the glass elec- 
trode. The nitrogen to phosphorus and the 15 minute labile phosphorus? 
(which corresponds to the splitting of two phosphate groups from ATP) to 
total phosphorus ratios (atomic) for the preparations of ATP used in these 
experiments are as follows: 


ATP preparation N:P ratio Ratio of labile to total P 
Ca salt 5.04:3 2.0:3 
ro oe 5.0:3 1.99:3 
me 5.03:3 2.03:3 


Preparation of Myosin—Myosin was prepared by the method of Green- 
stein and Edsall (14) with several modifications. The muscles of the fore 
and hind limbs and the back of the rabbit were used. All procedures were 
carried out below 5°. The muscle was frozen with dry ice* and ground 
in a meat grinder to a fine powder. The powdered muscle was extracted 
with 10 times its volume of 0.5 m KCl and 0.04 m KHCO,; buffer (pH 7.8, 
total molarity 0.54) with stirring for 16 hours. A second extraction was 
carried out on the muscle pulp with a smaller volume of buffer. The 
tissue was removed by high speed centrifugation. After combination of 
the extracts, the myosin was precipitated by dialysis against 0.005 m 
veronal-HCl buffer of appropriate pH. The precipitates were washed with 
the same solution and redissolved in veronal-HCl buffers brought to a salt 
concentration of 0.44 m by the addition of potassium chloride. The in- 
soluble protein was removed by centrifugation. This solution will be 
referred to as Myosin 1. Three such precipitations were carried out. The 
redissolved material from each precipitation is labeled with the appropriate 
number. Preparations were made at pH values of 6, 7, 7.5, 8.0, and 8.5. 

Measurement of Enzyme Activity—All solutions were brought to 25° 
before use. 2 cc. of an aqueous solution of Ca ATP were added to 1 ce. 
of myosin in a 10 cc. volumetric flask and mixed immediately. At the end 
of a given period the reaction was stopped by the addition of 4 ce. of 5 
per cent trichloroacetic acid. The mixture was then made to volume with 
water, filtered, and a suitable aliquot analyzed for phosphorus. Control 
experiments were performed with ATP and buffer alone, and with myosin 
alone. The results are expressed as per cent of the total ATP phosphorus 
split. The different periods of hydrolysis were selected to obtain 
incomplete hydrolysis except in those cases in which total hydrolysis was 


? The labile phosphorus was determined by hydrolysis with n HC! at 100° for 15 


minutes. 
* This procedure has no deleterious effect on myosin, as is discussed elsewhere (15). 
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to be observed. Bailey’s value for the nitrogen content of myosin, 16.6 
per cent, is employed throughout (16). All hydrolysis experiments were 
earried out in the presence of 0.25 m veronal-HCI-KC] buffers at pH 8.5. 
The enzyme activity in veronal buffer did not differ appreciably from the 
activities in borate or bicarbonate buffers of the same pH. 


Results 


Properties of Preparation—The results of determinations of nitrogen, 
enzymatic activity, and double refraction of flow of the successively pre- 
cipitated myosin solutions are given in Table I. The values for the myosins 


TaBLe I 
Properties of Myosin Solutions Capable of Splitting Adenosine Triphosphate (ATP) 

















aes (DE — | Protein per cc. ATP per cc.* Hydrolysis (30 min.) | Double refractiont 
’ ’ 
mg. me. per cent 
1 2.65 0.600 65 2.5 
2 2.42 0.764 60 2.1 
3 2.35 0.654 60 2.4 


be 
* All ATP or P concentrations represent mg. of the calcium salt, unless otherwise 


specified. 

+ Expressed in terms of (n. — n.) X 10~*, where n, and n, are the refractive indices 
of the components of the light perpendicular and parallel to the optic axis. These 
measurements were made at a velocity gradient of 91 sec.~'. 





prepared at pH values of 7, 7.5, and 8 were similar to those for the prepara- 
tion at pH 8.5. The myosin prepared at pH 6 showed no enzymatic 
activity, but there was no corresponding loss of double refraction of flow. 
On the basis of the constancy of nitrogen, enzymatic activity, and double 
refraction in Myosin 2 and Myosin 3, it was believed that the limits of 
fractionation obtainable by the dialysis procedure were reached. 

Effect of Myosin and ATP Concentrations—With ATP concentrations of 
0.875 mg. per cc. and 30 minute hydrolyses, the activity was found to 
remain constant at protein concentrations greater than 1.45 mg. per cc. 
The activity fell off rapidly at lower protein concentrations. Enzymatic 
activity was proportional to protein concentration at pH 7 below 2.0 mg. 
per cc. (Fig. 1). The succeeding experiments were carried out with a 
protein concentration of 1.45 mg. per cc., except in certain cases noted. 

The effect of varying the ATP concentration was determined by 30 min- 
ute hydrolyses. The per cent hydrolysis was found to fall off at concentra- 
tions of ATP higher than 0.944 mg. per cc. (Table II). 

Effect of pH and Temperature—The pH-activity curve was determined by 
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15 and 3 minute hydrolyses. The protein concentration was 1.2 mg. per 
ec. and the ATP concentration was 0.873 mg. per cc. The optimum pH 





ydrolysis 
a. te] 





Per Cent H 
5 








7 z 3 
Myosin Concentration mq, perce. 
Fic. 1. The effect of myosin concentration on the splitting of adenosine triphos- 


phate. © 3 minute hydrolysis, O 15 minute hydrolysis. 


TaBLe II 
Effect of Substrate Concentration on Splitting of Adenosine Triphosphate (ATP) 
pH 8.0, 25°, time of hydrolysis 30 minutes, protein concentration 0.24 mg. of N per 











ec. 
ATP per cc. Hydrolysis ATP per cc. Hydrolysis 

me. per cent me. per cent 

0.235 49.5 0.944 49.7 

0.393 51.0 1.39 38.7 

0.589 50.0 9.64 24.2 

0.856 48.4 

0.883 49.6 








Note that complete splitting of two phosphate groups from ATP would be denoted 
as 66.7 per cent hydrolysis by our definition. 


was found to be in the neighborhood of pH 9 in both sets of hydrolyses 
(Fig. 2). It was found that myosin solutions brought to values higher than 
pH 9.8 or lower than pH 6.0 by addition of dilute sodium hydroxide or dilute 
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hydrochloric acid, respectively, showed either diminished activity or com- 
plete loss of activity when the pH was readjusted to 8.5. 

The optimum temperature was determined by 30 minute hydrolyses with 
0.971 mg. of ATP and 1.45 mg. of protein per ce. The optimum tempera- 
ture under these conditions was found to be in the neighborhood of 38° 
(Fig. 3). 

Rate of Reactton—The rate of reaction was determined ‘with the same 
concentrations of enzyme and substrate which were employed for the opti- 
num temperature experiments. One-third of the total ATP phosphorus 
is liberated in 5 minutes, and the reaction goes virtually to completion, 


we 
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8 
Fic. 2. The relation of pH to adenosinetriphosphatase activity 


with the liberation of two-thirds of the total ATP phosphorus in 40 minutes, 
as shown by the following figures. At pH 8.5 and 25°, with a protein con- 
centration of 0.24 mg. of nitrogen per cc. and a total phosphorus of 0.178 
mg. per cc., the per cent hydrolysis of ATP was 14.1, 23.3, 33.2, 38.0, 45.1, 
49.6, 59.8, 66.4, and 66.4 at 1.5, 3, 5, 10, 15, 20, 30, 40, and 60 minutes, 
respectively. 

Effect of Activation—Enzymatic hydrolyses were carried out with sodium 
ATP in the presence of varying concentrations of CaCl and MgSO,. These 
experiments were run for 15 minutes and the concentration of ATP was 
0.437 mg. perce. Calcium concentrations of about 10~* M and magnesium 
concentrations of 10-* and 10-> m had an activating effect. Higher 
concentrations of these ions produced diminution of activity. Acti- 
vation with MgCl. was similar to that observed with MgSO,. The 
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concentration of ATP was 0.545 mg. per cc. in the experiments with 
glycine. 1 m glycine produced activation (Table III). 

Effect of Inhibiting Agents—A sample of myosin containing 7.2 mg, ¢ 
protein per cc. was incubated at 37.5° and samples were withdrawn at jp. 
tervals for determination of enzyme activity and the presence of double 
refraction of flow. Enzymatic hydrolyses were carried out for 15 minutes 
on 1 ce. samples, with 1.09 mg. of Ca ATP perce. The activity decreased 


ydrolysis 
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Per Cent H 


& So 








° 40 20 JO 40 Jo 60 70 
Temperature 


Fic. 3. The effect of temperature on the hydrolysis of adenosine triphosphate by 
myosin. 


after 45 minutes of incubation, but showed no further diminution after 6 
hours of incubation. Double refraction of flow was absent after 4} hours 
of incubation. The effect of incubation at 37.5°, pH 8.5, on ATP splitting 
is shown by hydrolysis of 45.0, 35.6, 34.8, 32.6, 32.5, 32.6, 32.6, 32.5, and 
34.7 per cent for 0, 45, 90, 180, 210, 240, 270, 300, and 360 minutes of 
incubation, respectively. 

Myosin was treated with 0.8 m guanidine hydrochloride. Double refrac- 
tion of flow and enzyme activity were found to be absent in this solution 
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and in the solution of myosin washed free of guanidine hydrochloride and 
redissolved in KCI solution. Similar results were obtained with 0.6 mM 
CaCl. A partial loss of both properties was observed after treatment with 
1.14 m potassium fluoride. 

15 minute hydrolyses were carried out in the presence of varying concen- 
trations of KCl and an ATP concentration of 0.71 mg. perce. The amount 
of hydrolyzed phosphorus remained constant at all KCl concentrations 
below 0.7 m, but decreased at higher salt concentrations. At pH 8.5 and 
25°, with a total P of 0.13 mg. per cc. and a protein N of 6.24 mg. per ce., 
the per cent hydrolysis of ATP in 15 minutes was 46.8, 46.5, 46.6, 45.0, 











TaBLeE III 

Effect of Activators on Splitting of Adenosine Triphosphate 

Activator Molarity Hydrolysis 

te Ms ue a per cunt 
None 46.6 
Mg... baste i Honll 0.00001 66.8 
Be Se Ba Sine ales ah 0.0001 52.5 
Be via ‘eal 0.006 25.1 
“. , 0.03 23.9 
one ines | 0.3 16.1 
ae “ ube 0.0009 60.9 
| sR eee bere 0.004 60.2 
ER cis Wis kd 0 k's «610 0.04 52.0 
apa 0.1 41.9 
a aes os atnignanenl 0.2 34.1 
TT Shs ano és 0 none oaal 1.0 59.5 
Be Sac ies os late te eee 2.0 48.4 








39.2, 31.8, 29.8, 17.3, and 12.8 for 0.19, 0.25, 0.38, 0.69, 0.86, 1.53, 1.86, 
2.5, and 3.5 m KCl, respectively. The same results were obtained with 
myosin prepared at different pH values. 
DISCUSSION 
The present results indicate that myosin prepared at pH 6 possesses no 
adenosinetriphosphatase activity, or in any case that the activity is rapidly 
lost when myosin is exposed to this pH. Bailey’s myosin prepared at pH 
6.8 to 7.0 split ATP but not ADP. On the other hand, myosin prepared 
in alkaline media (pH 7 to 8.5) hydrolyzes both labile phosphate groups 
of ATP. Summerson and Meister (17) have recently found that myosin 
prepared by repeated precipitation at alkaline reaction retains the ability 
to hydrolyze completely both labile groups. They refer to this preparation 
as Myosin 2. Precipitation of myosin at pH 6.5 produced myosin prepara- 
tions similar to those of Bailey (Myosin 1). 
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Kalckar has recently suggested that the dephosphorylation of ATP jp 
muscle may be due solely to myosin and myokinase (18). Colowick and 
Kaleckar had previously shown that myokinase catalyzes the transfer of 
phosphorus from 1 molecule of ADP to another, producing, from 2 moles 
of ADP, 1 mole each of ATP and adenylic acid (19). It is quite possible 
that the ability of Myosin 2 to act upon ADP is due to the presence of myo- 
kinase in these preparations. If this is true, it would appear that myokinase 
is more readily separable from myosin at pH 6.5 to 7.0 than at pH 7 to 
8.5. 

The striking activation by magnesium of myosin prepared in alkaline 
media is not observed with Myosin 1. Bailey reports slight activation by 
magnesium of the thrice precipitated myosin in contrast to the marked 
activation obtained with once precipitated myosin. Magnesium augments 
the activity of myokinase considerably (19). The results of the studies on 
the effect of magnesium on the activity of Myosins 1 and 2 are, therefore, 
compatible with the suggestion that myokinase is responsible for the 
apparent hydrolysis of ADP by Myosin 2. 

Our results confirm the previously reported data concerning pH and 
temperature optima (3) and glycine and calcium activation (3). The 
activation by calcium noted by us could be due solely to its effect on the 
Myosin 1-ATP reaction or on both components of Myosin 2. However, 
we have been unable to find any mention in the literature concerning the 
effect of calcium on myokinase. 

In general the experiments reported here were carried out with high 
protein and low substrate concentrations. Hence, any calculation of 
activity similar to Bailey’s Q, values would be of little significance. 

Our results disagree with those of Engelhardt and Ljubimova (1, 2) who 
report complete destruction of adenosinetriphosphatase activity of myosin 
by incubation for 15 minutes at 37°. We find considerable activity remain- 
ing after 6 hours of incubation at this temperature. We believe that the 
concentration of myosin was much lower in the cited experiments than in 
the present series. This might well explain the more rapid loss of activity 
in Engelhardt and Ljubimova’s experiments, since enzymes and other pro- 
teins are frequently unstable in very dilute solutions. 

A decrease in enzyme activity has also been observed by Mehl and Sex- 
ton (20) in rat myosin preparations with increasing concentrations of salt 
(0.1 to 0.5m). In our experiments no decrease of activity was noted over 
the same range of salt concentration. An increase of the molarity of potas- 
sium chloride to 0.86, however, produced a diminution in activity. This 
apparent discrepancy is undoubtedly due to the different concentrations of 
myosin employed. Mehl and Sexton used myosin concentrations of 0.123 
to 0.205 gm. per liter, while the myosin concentration in our experiments 
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was 1.45 gm. per liter. Apparently the effect of salt on activity is greater 
at lower protein concentrations. This has been found to be the case with 
other enzymes such as urease. 

It has been shown that there is no correlation between the number of 
porphyrindin-titratable sulfhydryl groups of myosin and the presence of 
double refraction of flow (14). Guanidine hydrochloride (0.8 m), which 
increases the number of titratable sulfhydryl groups and destroys double 
refraction of flow, was observed to destroy the enzyme activity. Calcium 
chloride (0.6 m) has no effect on the number of sulfhydryl groups (as deter- 
mined by the porphyrindin titration), but also destroys double refraction 
of flow and enzyme activity. Glycine, which reduces the titratable sulfhy- 
dryl groups to zero, has no effect on double refraction of flow, and enhances 
enzymatic activity. Barron and coworkers (21, 22) have reported inhibi- 
tion of the myosin adenosinetriphosphatase by mercaptide-forming com- 
pounds and mild oxidizing agents, and reactivation of the enzyme with 
glutathione. Thus it appears that there may be, under some circumstances, 
a relationship between the sulfhydryl titer and enzyme activity. The 
lack of correlation between sulfhydryl content and doubfe refraction of 
flow, however, makes it impossible to relate enzyme activity to double 
refraction. 

Furthermore we have been able to prepare myosin which showed double 
refraction of flow (under our conditions) in the absence of enzymatic 
activity, and myosin which showed no double refraction of flow in the pres- 
ence of adenosinetriphosphatase activity. The former myosin was ob- 
tained by precipitation of the protein at pH 6, while the latter was pre- 
pared by incubating the myosin at 37.5° (see “Effect of inhibiting agents’’). 
In the second case no double refraction of flow was observed with a velocity 
gradient of 91 sec.-'. We believe that double refraction of flow is a fair 
criterion of undenatured myosin. Engelhardt’s data (8) also show that 
salting-out of the protein does not destroy enzymatic activity. Von 
Muralt and Edsall (23) and Edsall and Mehl (11) demonstrated that this 
procedure brings about a loss of double refraction of flow. It appears, 
therefore, that it is possible to separate the optical activity from the enzy- 
matic activity. These results are apparently in disagreement with the view 
that myosin and adenosinetriphosphatase are identical. However, it is 
possible that both the double refraction of flow and the enzyme activities 
reside within a single myosin molecule and that the molecule may be 
decreased in length, producing loss of double refraction of flow (under the 
experimental conditions), without loss of enzyme activity. The other 
possibility which must be considered is that there exists in the myosin solu- 
tion a heterogeneous protein population, as seems probable on the basis 
of work reported by Weber (24). The enzymatic activity might reside 
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in molecules that do not exhibit double refraction of flow at low 
velocity gradients. 

The importance of the identity or close association of adenosinetriphos. 
phatase activity and myosin becomes apparent with the work of Engel. 
hardt on the change in length of myosin fibers in ATP solutions and that of 
Dainty et al. on the effect of ATP on myosin solutions (25). Engelhardt’s 
experiments suggest a possible connection between the chemical and 
mechanical events occurring in muscular contraction. The present sug. 
gestion as to the non-identity of the birefringent and enzymatic properties 
of myosin would seem to still leave the question of the transformation of 
chemical to mechanical energy open to other possible explanations. 


It is a pleasure to express our thanks to Dr. J. T. Edsall and Dr. E. J. 
Cohn for their interest and criticism during the course of this work. 


SUMMARY 


1. Myosin prepared in alkaline media possesses adenosinetriphosphatase 
and adenosinediphosphatase activity and shows double refraction of flow. 
Myosin prepared at pH 6 possesses neither of the adenosinephosphatase 
activities but shows double refraction of flow. 

2. The effects of myosin concentration, substrate concentration, pH, 
temperature, and calcium, magnesium, guanidine hydrochloride, glycine, 
and potassium chloride concentrations were studied. Striking activation of 
the enzymatic activity of the myosin prepared in alkaline media was ob- 


served with calcium and magnesium. 

3. Incubation of myosin at 37.5° produced slight reduction in enzymatic 
activity and complete loss of double refraction of flow under our condi- 
tions. 
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CARBOHYDRATE CHARACTERIZATION 
Vv. ANHYDRIZATION OF THE ALDOPENTO-BENZIMIDAZOLES* 


By CHARLES FERDINAND HUEBNER, ROLLAND LOHMAR, ROBERT J. 
DIMLER, STANFORD MOORE, ann KARL PAUL LINK 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison) 


(Received for publication, March 19, 1945) 


In communications (1, 2) dealing with the characterization of aldoses as 
benzimidazole derivatives, it was reported that d-xylonic acid reacts with 
o-phenylenediamine at 135° in the presence of acid to form a derivative 
(I) which is unique among the 2-(aldo-polyhydroxyalkyl)benzimidazoles' 
in being very soluble in water. It was further reported that condensation 
at 180° in the presence of zinc chloride and acid yields a water-insoluble 
product (II). The nitrogen analyses (Dumas) reported indicated that the 
product formed at 180° was d-xylo-benzimidazole, C1;H,,O.No, and that 
the product obtained at 135° had the formula C;,:HO;No, indicating a 
compound which might have been formed by the elimination of 1 mole of 
water, instead of 2, from the reactants. Reexamination of these products 
showed the analyses to be in error because of the difficulties of complete 
combustion in the Dumas method. This characteristic is shared by other 


_ benzimidazole derivatives, particularly those of the saccharic acid series. 


Kjeldahl nitrogen values with the Elek and Sobotka modification (3) and 
carbon and hydrogen values now show the product formed at 135° to be 
d-xylo-benzimidazole (I), Ci:H:sO.N2, whereas the product formed at 
180° is an anhydro-d-xylo-benzimidazole (II), C::Hi20;N2.” 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station, and supported in part through special grants from the Graduate 
Research Committee of the University, Office of Professor E. B. Hart, made available 
by the Wisconsin Alumni Research Foundation. Part of this work was presented at 
the New York meeting of the American Chemical Society, Division of Sugar Chem- 


istry and Technology, September 15, 1944. 
Weare greatly indebted to Hoffmann-La Roche, Inc., Nutley, New Jersey (through 


Dr. H. M. Wuest), for a generous gift of d-ribose and to the Abbott Laboratories, 


North Chicago, Illinois (through Dr. E. H. Volwiler), for a special grant to help 


defray the cost of this study. 
1 For convenience these derivatives are given the trivial name, aldo-benzimida- 


zoles. Individual members are named for the aldose from which they are derived; 
ie., d-gluco-benzimidazole. 

* Professor C. S. Hudson, National Institute of Health, Bethesda, Maryland, also 
prepared II and kindly informed us, in a private communication, September 1, 1942, 
that his analyses agree with ours. 
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The proof of structure II is presented here. 


II contains a furane ring 








and is 2-(1’,4’-anhydro-d-xylo-tetrahydroxybutyl)benzimidazole. This 
conversion of the aldopento-benzimidazoles to their 1’ ,4’-anhydrides 
180° has been extended to arabinose, lyxose, and ribose.’ In a subsequent 
paper, it will be shown that an inversion at carbon atom 1’ does not occur 
during anhydrization and that the original configuration of the aldopento- 
benzimidazole is retained in the anhydro derivative. 

Assignment of the d-xylo-benzimidazole structure to I rests on the follow- 
ing evidence. Oxidative degradation of I with permanganate yielded 
2-benzimidazolecarboxylic acid (V). Further support for the presence 
of a benzimidazole structure in the molecule is given by ultraviolet absorp- 
tion spectra. I has an absorption curve with well defined maxima and 
minima identical with that of d-gluco-benzimidazole (Table I). The 
aldopento-benzimidazoles (as typified by d-arabo-benzimidazole) consume 
3 molar equivalents of periodate to produce 2-benzimidazolealdehyde, 
formaldehyde, and 2 molar equivalents of formic acid. 

The following considerations lead to the designation of II as 2-(1',4- 
anhydro-d-xylo-tetrahydroxybutyl)benzimidazole. Tests for a ketone 


’ The 180° transformation product from d-ribo-benzimidazole is extremely soluble 
in water and difficult to crystallize. The analyses of this low melting product 
(82-83°) establish its empirical formula as C,,;Hj,O;N:-2H,O. The water of hydra- 
tion is not lost on drying in vacuo at 65°. It appears, however, that this compoundis 
a hydrate of anhydro-d-ribo-benzimidazole, rather than a product in which the? 
water molecules have entered into the ultimate molecular constitution, because it 
undergoes the two reactions characteristic of the anhydro-aldopento-benzimid- 
azoles; viz., the formation of 2-(a-furyl)benzimidazole on treatment with aceti¢ 
anhydride and the production of 2-benzimidazolecarboxylic acid on periodate 
oxidation. 
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group with phenylhydrazine, for an enolic group with diazomethane, and 
a lactol hydroxyl group with methanolic hydrogen chloride were all nega- 
tive, thereby excluding possible C,,:Hi2O;N2 structures containing these 
groups. Since II could be converted to N-benzyl-anhydro-d-xylo- 
benzimidazole, it was concluded that a free imino group is present in II. 
The anhydro-d-arabo-benzimidazole in which cis hydroxyls are present on 
carbon atoms 2’ and 3’ formed an acetone condensation product. Since 
this compound could not be acetylated, the parent anhydro-benzimidazole 
contains but two hydroxyls. This compound apparently does not undergo 
N acylation; hence the remaining two hydroxyls originally present in d- 
arabo-benzimidazole must be engaged in ether linkage in the anhydro deriva- 
tive. Because of the stability of the anhydro ring to reagents like sodium 
methoxide and strong acid, a furane type of ring was considered most 
probable. 


TaBLe I 


Benzimidazole Ultraviolet Absorption Spectra 




















Maximum Minimum 
Benzimidazole vats aed 
Wave-length | Log « | Wave-length | Loge 
| A A 

res ae SO ce 3.71 
2725 3.85 2590 3.61 
hd 4 oeG-niy oo 5.0 25 2795 3.83 2765 3.79 
2725 3.88 2585 3.67 
Anhydro-d-xylo-...............| 2790 3.81 2765 3.74 
2730 3.86 2585 3.62 





This structure was confirmed by periodate oxidation studies. 4 molar 
equivalents of periodate were consumed by II to produce 2-benzimidazole- 
carboxylic acid (V), formaldehyde, and 2 molar equivaients of formic acid. 
Assuming, as is concluded from the known periodate oxidations, that only 
the carbon to carbon bond of 1 ,2-glycols, 1 ,2-dicarbonyl compounds, and 
ketals is easily oxidized (4), the oxidation of II should stop with the pro- 
duction of the dialdehyde (III). If, however, the active hydrogen on the 
carbon atom between the aldehyde carbon and the imidazole ring were 
oxidized to a hydroxyl group, this intermediate (IV) would further be 
oxidized according to the orthodox pattern (V, etc.) with the consumption 
of a 3rd and 4th mole of periodate. To test the assumption that a con- 
figuration such as is present in III is oxidized by periodate, the behaviors 
of bornyl-d-glucuronide and methyl-d-galacturonide methyl ester were . 
studied. If this assumption is true, the oxidation of bornyl-d-glucuronide 
should consume 5 moles of periodate (VII, etc.) instead of stopping after 
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the consumption of 2 moles and the production of VI. The carbon marked 
with an asterisk in VI is analogous to carbon atom 1’ in III in that iti 
situated between a carbon at the aldehyde stage of oxidation and a carbop 
at the carboxyl stage. 5 moles of oxidant were consumed by both the 
uronides. The glucuronide yielded bornyl formate and 5 molar equivalents 
of acid. Since 1 molar equivalent of oxalic acid was obtained, 3 mola 
equivalents of formic acid were produced. The oxidation products of the 
galacturonide were not investigated but 4 molar equivalents of acid wer 
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Evidence for this type of oxidation by lead tetraacetate in the sugar 
series has been reported by Hockett (5), who found that oxidation of ethyl 
8-d-galactofuranoside does not stop at the hypothetical trialdehyde (VII), 
but that another mole of oxidant is consumed presumably in replacing the 
active a-hydrogen by acetoxy]. 

The kinetics of the oxidation of anhydro-d-xylo- and anhydro-d-arabo 
benzimidazoles by lead tetraacetate revealed that the arabo compound 
with adjacent cis hydroxyls was, as expected (6), oxidized faster during the 
first stages of the reaction than the xylo compound (see Fig. 1). 
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The 1’ ,4’-anhydro ring is also indicated by the conversion of these com- 
pounds by boiling acetic anhydride to 2-(e-furyl)benzimidazole (IX). 
This proof is valid only if no ring shift occurs during dehydration. 


be 


e 


MOLES OF OXIDANT 
CONSUMED 
~ 


° ! 2 3 
TIME iN HOURS 


Fic. 1. Oxidation of anhydro-d-arabo-benzimidazole (Curve I) and anhydro-d- 
xylo-benzimidazole (Curve II) by lead tetraacetate in glacial acetic acid. 





It should be noted that IX is not realized by refluxing compounds of 
the type I with acetic anhydride. Under milder acetylation procedures, 





HN N 
\F 
C.H,O—CH ; 
HC=0 cH 
Oo | 
HC=0 HC 
| oy 
—CH HC 
| 
HC=0 HC— 
(VIID) (IX) 


acetates of the aldo-benzimidazoles can be isolated. Thus d-arabo- 
benzimidazole yields a tetraacetate (7) and d-galacto-benzimidazole, a 
hexaacetate (8). d-Mannosaccharo-dibenzimidazole yields a hexaacetate 
and not a tetraacetate as first reported‘ (9). 

It is of interest to note that under conditions of the O-acetyl determina- 
tion of Wolfrom et al. (10), conditions which do not ordinarily hydrolyze 
N-acetyl groups, the N-acetyl of d-galacto-benzimidazole hexaacetate is 


* Analysis—Cyo.HsoQi0N«. Calculated, Cc 59.4, H 5.0, N 9.3; found, Cc 59.3, H 5.4, 
N 9.2. 
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completely hydrolyzed. The N-acetyls of d-mannosaccharo-dibep- 
zimidazole hexaacetate are 70 per cent hydrolyzed. Blank determinations 
in acetone with phenolsulfonephthalein as an indicator showed that no acid 
is consumed by the unacetylated benzimidazoles. 
EXPERIMENTAL 

d-X ylo-benzimidazole Hydrochloride—The barium salt from the me- 
thanol-hypoiodite oxidation of 7.5 gm. (50 mm) of d-xylose was suspended 
in a small amount of water and decomposed with sulfuric acid. The 
barium sulfate was filtered and the solution concentrated to a syrup at re- 
duced pressure. To the syrup dissolved in a mixture of 25 cc. of ethanol 
and 125 ec. of butanol, 4.6 gm. (25 mm) of o-phenylenediamine dihydr- 
chloride’ and 2.4 gm. (22 mm) of o-phenylenediamine (free base) were 
added and the mixture refluxed for 8 hours. From the cooled solution 
11.7 gm. (85 per cent) of the hydrochloride of I crystallized, m.p. 176-178". 
Recrystallization (with decolorization) from 12 parts of 95 per cent ethanol 
gave a mixture of anhydrous and apparently hydrated material from which 
the solvent was removed by drying at 110° in vacuo. The pure anhydrous | 
hydrochloride was obtained by recrystallization from about 5 parts of | 
absolute ethanol, m.p. 181—182°; [a] = +17.3° (C, 2; H:0). 


Analysis—C,,H,;0,N,Cl. Calculated. C 48.1, H 5.5, N 10.2 
Found. "Cu, && * Be 


d-Xylo-benzimidazole (I)—An aqueous solution of the hydrochloride 
was shaken with an excess of silver carbonate, filtered from the silver salts, 
treated with hydrogen sulfide, and again filtered. Concentration of the 
solution gave a syrup from which I crystallized. I was recrystallized from 
butanol, with the addition of acetone to give more complete crystallization. 
The melting point is 141-143°; [a] = +20.0° (C, 2; n HCl); +19.7°(C, 2; 
5 per cent aqueous citric acid). 


Analysis—C,,HyO.Ne2. Calculated. C 55.4, H 5.9, N 11.8 
Found. “* 55.4, “* 5.9, “ 11.6 


Anhydro-d-xylo-benzimidazole (II)—To 0.274 gm. (1 mm) of the hydro- 
chloride of I were added 0.2 cc. (1 mm) of 5 M zine chloride and 0.17 ce. 
(2 mm) of concentrated hydrochloric acid. The mixture was heated at 
180° for 14 hours. The amber-colored syrup was dissolved in about 3 ce. 
of water, filtered with the use of carbon (nuchar), and diluted to 5cc. The 


5 20 gm. of o-phenylenediamine were added to 150 cc. of absolute ethanol heated 
to boiling. 34 cc. of concentrated hydrochloric acid were added. The mixture was 
cooled in the refrigerator and the product filtered and washed with cold absolute 
alcohol and ether; 25.5 gm. were obtained. 
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specific rotation, usually about 62°, corresponds to a yield of about 96 
per cent of II. Concentrated ammonium hydroxide (0.33 ec.) was added 
to the solution. Enough acetic acid was then added nearly to dissolve the 
precipitate which formed. The mixture was filtered hot after treatment 
with hydrogen sulfide. Concentrated ammonium hydroxide (0.33 cc.) 
was added and the solution was cooled in the refrigerator with occasional 
scratching, yield 0.19 gm. (86 per cent), m.p. 221-223°. Directions for 
further purification and preparation of secondary derivatives are given by 
Moore and Link (2). II may also be prepared directly from barium d- 
xylonate as described by them. 


Analysis—C,,H,20;N. Calculated. C 60.0, H 5.4, N 12.7, mol. wt. 220 
Found. ** 60.0, ‘* 5.6, “‘ 12.8, 200-220 (Rast) 


Anhydro-d-arabo-benzimidazole—This compound was obtained in com- 
parable yields in a manner similar to that described for the preparation of 
II, m.p. 206-208°; [a] = +2.7 (C, 2; 5 per cent aqueous citric acid). 


Analysis—C \,H1203N2. Calculated. C 60.0, H 5.5, N 12.7 
Found. “ 59.8, “5.5, “ 12.7 


Anhydro-d-lyxo-benzimidazole—d-Lyxo-benzimidazole (0.238 gm.) was 
converted to its anhydro compound by the procedure used to prepare II. 
A relatively small amount of the anhydro derivative crystallized out of 
the solution obtained upon filtration of the zine sulfide, so that the mother 
liquors were concentrated to dryness. The residue was triturated with a 
few cc. of water, filtered, and washed to remove inorganic salts. The com- 
bined yield was 0.10 gm., m.p. 176-180°. After two recrystallizations from 
3 ec. of ethanol, the melting point was 200-204°; [a]24 = +59.5° (C, 2; 
n HCl); +62.5° (C, 2; 5 per cent aqueous citric acid). 


Analysis—C,,H2O;N2. Calculated, N 12.7; found, N 12.8 
The picrate melted at 132-138°. 


Analysis—C,;H,;O;0Ns. Calculated, N 15.6; found, N 15.7 


Anhydro-d-ribo-benzimidazole—d-Ribo-benzimidazole (11) (1.35 gm.) 
was converted to its anhydro product by the procedure given above. The 
aqueous solution obtained after the removal of the zinc sulfide was con- 
centrated to dryness and the residue extracted with hot absolute ethanol. 
This extract was concentrated to dryness and the residue again extracted 
with 10 cc. of absolute ethanol. Absolute ether was added to the point 
of turbidity. The inorganic salts were removed and the filtrate concen- 
trated to a volume of about 5 cc. After 3 days in the refrigerator, 0.3 gm. 
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of erystals had deposited. Two recrystallizations from ethanol gave , 
product melting at 82-83°; [a] = —84.5° (C, 2; ethanol). For analysis 
the compound was dried to constant weight at 65° over phosphoric ap. 
hydride in vacuo. The compound is extremely hygroscopic. 


Analysis—C,,H»O;N2:2H,0. Calculated. C 51.6, H 6.2, N 10.9 
Found. ** 51.4, “* 5.4, “ 10.6 


When the sample was dried at 110° in vacuo for 24 hours, a glassy melt rp. 
sulted. The loss in weight was 8.6 per cent, whereas theory calls for lf 
per cent if the water is completely removed. The picrate of this transfor. 
mation product melts at 120—125°. 





Analysis—C,;Hi;Oi10oNs. Calculated, N 15.6; found, N 15.5 


Permanganate Oxidation of I and II—The method used was that o 
Bistrzycki and Przeworski (12). To 5 mM of the aldo-benzimidazole anda 
few cc. of sodium carbonate solution in 100 cc. of hot water was si 
dropwise with stirring a solution of 7.9 gm. of potassium permanganate it! 
400 cc. of water, until a slight excess was present. This excess was 
moved by the addition of small quantities of the aldo-benzimidazole and | 
the mixture was heated for } hour on the steam bath. The hot decolorize | 
solution was acidified with acetic acid and allowed to cool, yielding crystal 
line 2-benzimidazolecarboxylic acid (V), m.p. 174° (decomposition). This 
compound was converted to benzimidazole by heating at 190° until the 
evolution of carbon dioxide had ceased. After recrystallization from water, 
the decarboxylation product melted at 171-172°, as did a mixture with 
benzimidazole prepared from formic acid and o-phenylenediamine. V wa 
obtained from I and II in 70 per cent yields and from d-gluco-benzimidazok 
in 50 per cent yields. 

Periodate Oxidation of d-Arabo-benzimidazole—Because of the insolubility 
of the aldo-benzimidazoles in water at room temperature, difficulty was 
experienced in carrying out oxidation studies. Therefore, a 35 per cent 
ethanol solution was used. Blank determinations showed that no de 
tectable amounts of periodate were reduced by the solvent. d-Arabe 
benzimidazole (0.522 gm., 2.195 mm) was dissolved in 50 cc. of hot water. 
70 ec. of ethanol followed by 30 cc. of 0.427 m sodium periodate (5.82 molar 
equivalents) were added. The solution was diluted to 200 cc. with water. 
20 ce. aliquots were removed for periodate determinations (13) after 4 
and 36 hours. The consumption of oxidant was 3.1 and 3.3 molar equiv 
lents (theory, 3). To a 40 cc. aliquot removed after 24 hours a few cc. @ 
10 per cent potassium nitrate were added to precipitate the excess periodate 
Titration to a methyl red end-point showed the presence of 1.85 molat 
equivalents of acid (theory, 2). 
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A 10 ce. aliquot was removed after 24 hours for a formaldehyde deter- 
mination. To this aliquot were added 3 cc. of phosphoric acid and enough 
20 per cent sodium arsenite solution completely to reduce the iodate and 
periodate to iodide. This solution was then distilled under reduced pres- 
sure in the Kuhn-Roth micro acetyl apparatus, the solution being intro- 
duced continuously into the distillation flask. Near the end of the 
distillation more arsenite was added to reduce some iodine which formed. 
The receiver, cooled in ice, contained 25 ec. of water, to which had been 
added 2 cc. of an 8 per cent alcoholic solution of dimedon reagent and 5 cc. 
of N sodium acetate. After 24 hours in the refrigerator the formal-dimedon 
was filtered, weight 19.5 mg. (60 per cent for 1 molar equivalent of formal- 
dehyde), m.p. 188-190°. 

For the isolation of 2-benzimidazolealdehyde larger quantities of the 
aldo-benzimidazole were used. To a suspension of 2.4 gm. of d-arabo- 
benzimidazole in 50 cc. of water (for preparative purposes the more readily 
available d-gluco-benzimidazole can be used) a solution of 10.7 gm. of 
sodium periodate in 150 ce. of. water was added. The suspension was 
shaken with cooling for 5 minutes and then kept at 4° overnight. The 
aldehyde was then filtered and the filtrate continuously extracted with 
ether for 1 week. More aldehyde separated out of the ether. Both crops 
were combined and washed copiously with water, weight 1.0 gm. (70 per 


cent), m.p. 235° (decomposition). Because of the great insolubility of 


this aldehyde in organic solvents no suitable recrystallization medium 
could be found. 


Analysis—C;H,ON2. Calculated, N 19.2; found, N 18.9 


The oxime was prepared. After recrystallization from an ethanol-water 
mixture the melting point was 213-215°. 


Analysis—C;H;ON;. Calculated, N 26.1; found, N 25.8 


The dinitrophenylhydrazone was prepared in an acetic acid medium. 
This derivative is extremely insoluble but could be recrystallized from 
a large volume of ethanol, m.p. 309-311°. 


Analysis—C,,H,oOiNs. Calculated, N 25.8; found, N 25.9 


Ultraviolet Absorption Spectra—The absorption spectrum of d-xylo- 
benzimidazole and of its transformation product was obtained from the 
aqueous solution and compared with that of d-gluco-benzimidazole. A 
solution of d-gluco-benzimidazole hydrochloride with the theoretical quan- 
tity of sodium bicarbonate to react with the hydrogen chloride was diluted 
to a concentration of 0.050 mm per liter. Similar solutions of d-xylo-ben- 
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zimidazole hydrochloride with sodium bicarbonate (concentration 0,054 
mM per liter) and of anhydro-d-xylo-benzimidazole were prepared for the 
determination. The extinction coefficients showed two maxima and twp 
minima, as indicated in Table I. 

N-Benzyl-anhydro-d-xylo-benzimidazole — Anhydro-d-xylo-benzimidaazok 
(0.90 gm.), 1 molar equivalent of a 1.5 N sodium methoxide solution, and 
0.50 ec. of benzyl chloride were added to 25 cc. of absolute ethanol and re 
fluxed for 12hours. The mixture was concentrated to a few cc. and filtered, 
The crude benzyl derivative was washed with water and recrystallized from 
ethanol, m.p. 215-217°; yield 0.7 gm. 


Analysis—C,sH;s0;N2. Calculated, N 9.0; found, N 9.0 


I sopropylidene-anhydro-d-arabo-benzimidazole—To 1 gm. of the anhydn- 
arabo-benzimidazole suspended in 200 ec. of dry acetone was added 0.5¢e, 
of concentrated sulfuric acid. The mixture was shaken until solution wa 
complete (2 days). Dry ammonia gas was used to neutralize the sulfur 
acid. The ammonium sulfate was filtered, and the filtrate decolorize 
with carbon and concentrated to dryness in vacuo. The crystalline residue 
was recrystallized twice from water, yield 0.45 gm., m.p. 194-198°. This 
product contains 5 molecules of water of crystallization which may hk 
removed at 100° in vacuo (calculated, H2O 25.7 per cent; found, 26.0 per 
cent). The anhydrous product melts at 195-196°; [a]> = —144° (€,2; 
ethanol). 


Analysis—C 4H,.O;N2. Calculated, N 10.8; found, N 10.8 


Neutral Periodate Oxidation of Anhydro-d-xylo-, d-arabo-, and d-ribo- 
benzimidazoles—The anhydro-xylo derivative (0.490 gm.) was dissolved 
in 50 ec. of hot water and quickly cooled. Before crystallization occurred, 
25 cc. of 0.427 m sodium periodate (4.8 molar equivalents) were added 
and the solution made up to 100 cc. After 24 hours, a 10 ec. aliquot showed 
a consumption of 3.99 molar equivalents of periodate (theory, 4). Ther 
was no change at 36 hours. 

The determination of acid on a 10 cc. aliquot carried out as described 
above showed the presence of 2.4 molar equivalents of acid. Contr 
titrations with methyl red as the indicator on a mixture of 2 moles of formie 
acid and 1 mole of 2-benzimidazolecarboxylic acid (V), the mixture which 
is theoretically present at the end of the oxidation, showed the presence 
2.7 moles of acid. Theory for the periodate oxidation is therefore 27 
moles. V is 70 per cent neutralized at the methyl red end-point. 

A formaldehyde determination on a 10 cc. aliquot conducted as described 
above yielded 34.4 mg. of the formal-dimedon derivative. This is 47 pe 
cent of the amount calculated for 1 molar equivalent of formaldehyde. 
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The anhydro-d-arabo-benzimidazole (0.600 gm.) was treated with 30 ce. 
of 0.427 m sodium periodate (4.69 molar equivalents) in the manner de- 
scribed above. In 24 hours 4.10 molar equivalents of oxidant had been 
consumed and 2.4 molar equivalents of acid were produced. A 10 ce. 
aliquot gave 49.0 mg. of the formal-dimedon derivative. This is 46 per 
cent of the amount calculated for 1 molar equivalent of formaldehyde. 

The d-ribo-benzimidazole transformation product (51.2 mg.) was treated 
with 11.5 molar equivalents of sodium periodate in 10 cc. of water. After 
2 hours, 2-benzimidazolecarboxylic acid (V) began to crystallize out of the 
solution. In 4, 23, and 36 hours, 3.8, 4.0, and 5.0 molar equivalents of 
oxidant had been consumed. (This is based on a molecular formula 
CyHw0;N2:2H,O). After the periodate determinations were completed, 
the iodate was reduced with arsenite and the solution distilled into a re- 
ceiver containing the dimedon reagent. A 35 per cent yield of the formal- 
dimedon was obtained. 

Periodic Acid Oxidation of Anhydro-d-xylo-benzimidazole—The anhydro- 
benzimidazole derivative (1.1005 gm.) was dissolved in 71.9 cc. of 0.292 
N periodic acid (4.2 molar equivalents) and made up to 100 cc. 3 minutes 
after solution the rotation was +0.75°. 7 hours later the value had fallen 
to +0.34° and crystals began to appear, making further observation of the 
rotation impossible. The solution was filtered at the 9th hour, the rotation 
being +0.27°, 3.33 molar equivalents of oxidant having been consumed. 
After 11, 24, 32, 48, and 56 hours the rotations were +0.23°, +0.17°, 
+0.10°, +0.08°, and +0.08°, and the molar equivalents of oxidant con- 
sumed were 3.43, 3.66, 3.74, 3.82, and 3.85, respectively. 

The crystals of 2-benzimidazolecarboxylic acid (V) that separated were 
collected and washed with water, weight 0.601 gm. (79 per cent), m.p. 
174° (decomposition). V was identified as described above. 

Periodate Oxidation of Bornyl-d-glucuronide and a-Methyl-d-galacturonide 
Methyl Ester—To a solution of 0.6435 gm. of bornyl-d-glucuronide in 50 ce. 
of water were added 30 cc. of 0.433 m sodium periodate (7.21 molar equiva- 
lents) and 20 cc. of water. Periodate determinations at the expiration of 
$, 1, 43, 9, 14, and 38 hours showed the consumption of 2.96, 3.23, 4.38, 
4.97, 4.97, and 5.04 molar equivalents of oxidant (theory, 5) and acid 
determinations showed the presence of 2.04, 2.42, 3.94, 4.85, 4.97, and 4.97 
molar equivalents of acid (theory, 5). 

For the isolation of oxalic acid, an oxidation was made as described above 
with 0.484 gm. of the glucuronide. The solution was extracted continu- 
ously with ether for 3 days. The ether was extracted with bicarbonate, 
and the extract acidified with acetic acid and treated with excess calcium 
chloride. 

Calcium oxalate monohydrate (0.1655 gm., 85 per cent) was collected. 
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This amount of oxalate required 22.00 cc. of 0.0990 n permanganate 
theory, 22.90 cc. 





20 gm. of borny! glucuronide in 2 liters of water at 4° were added to; 
solution of 60 gm. of sodium periodate in 2 liters of water, also at 4°, 
kept at this temperature for 4 days. After a few hours droplets of bo 
formate began to appear. The mixture was extracted with ether, the ethe 
washed with water, and the solution dried over sodium sulfate. The ethe 
was removed and the residue distilled at 15 mm. The fraction distilling 
at 97-98° was collected, yield 4 gm. 


Analysis—C,,H;30.. Calculated, C 72.5, H 9.9; found, C 72.3, H 10.1 


a-Methy] galacturonide methyl] ester hydrate (0.5085 gm.) was dissolved 
in 50 ce. of water and 30 cc. of 0.433 m sodium periodate (6.12 molar equiva. 
lents) and 20 cc. of water were added. At the expiration of 3, 1, 3, 7,14 
and 36 hours, 3.49, 3.80, 3.86, 4.39, 5.03, and 5.24 molar equivalents ¢ 
periodate were consumed (theory, 5), with the production of 0.89, 1.05 
1.22, 2.27, 3.05, and 3.99 molar equivalents of acid (theory, 4). 

Lead Tetraacetate Oxidation of 1',4'-Anhydro-d-arabo- and sxylo-bensi- 
midazoles—The anhydro-benzimidazole derivative (0.1300 mg.) was 
weighed into a 200 cc. volumetric flask and dissolved in 10 cc. of glacial 
acetic acid. Then 190 cc. of 0.0662 m lead tetraacetate (21.3 molar equive- 
lents) in glacial acetic acid were added with rapid mixing. Aliquots of 5¢. 
were removed for the lead tetraacetate determinations made according to 
Hockett (6). In 3 minutes the arabo derivative consumed 2.5 molar 
equivalents of the oxidant and the xylo derivative 0.5. The arabo derive 
tive had consumed 4.00 molar equivalents of the oxidant in 4 hours and 
the xylo derivative required 5 hours. In 96 hours both compounds had 
consumed 6 molar equivalents of oxidant and further consumption of ox 
dant was extremely slow. 6 molar equivalents of oxidant are required by 
theory if the 2 molar equivalents of formic acid are also oxidized. Both 
samples were oxidized simultaneously and kept at 20°. 

Conversion of Anhydro-d-xylo-, arabo-, lyxo-, and ribo-benzimidazoles tb 
2-(a-Furyl)benzimidazole(IX)—The anhydro-benzimidazole derivative (0.0 
gm.) was refluxed with 5 cc. of acetic anhydride for 2 hours. The solution 
was decolorized with carbon, concentrated in vacuo to 1 cc., and cooled 2 
the refrigerator. Long needles of IX separated and were filtered and re 
crystallized from 50 per cent ethanol-water mixture, yield 0.20 gm., mp. 
286-290°. Comparable yields were obtained from all four of the anhydre 
benzimidazoles. The melting point of a mixture of IX and the produd 
prepared from furoic acid and o-phenylenediamine showed no depression. 
Weidenhagen (14) reports the melting point as 285-286°. 
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Analysis—C,,H,ON:. Calculated, N 15.2; found, N 15.2 


IX is readily sublimed at about 150°. When d-arabo-benzimidazole was 
treated with acetic anhydride as described above, product IX was not 


obtained. 
SUMMARY 


1. Periodate and permanganate oxidation and ultraviolet absorption 
spectra of the product obtained by condensation of d-xylonic acid with 
o-phenylenediamine at 135° show it to be d-xylo-benzimidazole. Per- 
manganate oxidation yielded 2-benzimidazolecarboxylic acid and periodate 
oxidation yielded 2-benzimidazolealdehyde, formaldehyde, and formic acid. 

2. d-Xylo-, d-arabo-, d-lyxo-, and d-ribo-benzimidazoles are transformed 
by heating at 180° in the presence of zinc chloride and hydrochloric acid 
to yield 2-(1’ ,4’-anhydro-d-pento-tetrahydroxybuty])benzimidazoles. 

3. The structure of the anhydrides was indicated by their consumption 
of 4 moles of periodate to yield 2-benzimidazolecarboxylic acid, formalde- 
hyde, and formic acid, and by their conversion to 2-(a-furyl)benzimidazole 
by heating with acetic anhydride. 

4. The oxidations of the anhydro-aldopento-benzimidazoles by periodate 
have been interpreted to involve the oxidation of an a-hydrogen, activated 
by a carboxyl and an aldehyde group. This interpretation is substantiated 
by the behavior of bornyl-d-glucuronide which consumes 5 moles of peri- 
odate yielding borny] formate, oxalic and formic acids. 
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THE PRINCIPAL ALKALOIDS OF SABADILLA SEED AND THEIR 
TOXICITY TO MUSCA DOMESTICA L.* 


By MIYOSHI IKAWA, ROBERT J. DICKE, THOMAS C. ALLEN, anp 
KARL PAUL LINK 


(From the Departments of Biochemistry and Economic Entomology, College of 
Agriculture, University of Wisconsin, Madison) 


(Received for publication, March 19, 1945) 


In 1819 Pelletier and Caventou announced the isolation of a basic sub- 
stance from sabadilla seed (1) and later associated the name “veratrine” 
with this material (2). Veratrine, which is the term now used to describe 
the alkaloid mixture from sabadilla, has long been known for its medicinal 
uses and its toxicity to certain species of insects. The powdered seed 
itself has been tested and used as an insect repellant. In a recent review 
on the uses of sabadilla Allen et al. (3) reported the effectiveness of kerosene 
extracts of ground sabadilla seed (Schoenocaulon sp.) against the house-fly, 
Musca domestica L. The present work was undertaken to determine the 
constituents of the seed which are responsible for the toxicity. 

Confusion exists in the early literature regarding the individual alkaloids 
present in sabadilla. A critical discussion of the early work is given by 
Wright and Luff (4). According to Henry ((5) pp. 628-632), cevadine, 
Cy2HagOoN, and veratridine, CssHs:01:N, are present in the greatest quan- 
tity. In addition, the presence of cevadilline (sabadilline), C4HssOsN (4), 
and sabadine, C2s3Hs,O9N (6), has been reported. Of the alkaloids reported 
as present, cevadine and veratridine have been investigated most exten- 
sively. Although the general chemical nature of these alkaloids has been 
established, their exact structure is still unknown. An idea of their com- 
plexity can be obtained from the excellent fundamental work of Craig and 
Jacobs (7) on the structure of cevine, a common hydrolysis product of both 
cevadine and veratridine. , 

Though the sabadilla alkaloids are soluble in kerosene to only a limited 
extent (0.1 to 0.2 per cent), we have found that they are responsible for 
the toxicity of kerosene extracts of sabadilla seed to house-flies. The 
methods existing in the literature for the isolation of the individual alka- 
loids (4, 8) do not account for the bulk of the alkaloid mixture. Hence it 
appeared desirable to study the alkaloid mixture with other methods to 
realize a more complete recovery of the alkaloids and of the total toxicity. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station, and supported through special grants from the Graduate Re- 
search Committee of the University, Office of Professor E. B. Hart, made available 
by the Wisconsin Alumni Research Foundation. 
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By passing a benzene solution of the alkaloid mixture through a colunp 
of activated aluminum oxide, then washing with benzene and eluting with 
chloroform and 95 per cent ethy! alcohol, it was possible to effect a partig 
separation into three fractions which differed in optical rotation anj 
toxicity. By treating the benzene-soluble bases with dilituric acid (5-nitn. 
barbituric acid) according to Redemann and Niemann (9), the crystallin 
diliturate of cevadine was isolated together with some veratridine diliturate 
From the chloroform eluate, which was the most toxic, veratridine dility. 
rate was obtained by the same process. The free bases could readily be 
obtained from these derivatives by treatment with aqueous alkali and 
extraction with ether. The alcohol eluate was the least toxic fraction and 
no crystalline products could be isolated from it. The cevadine was 
identified by its hydrolysis to cevine and a-methylerotonic acid (tiglic and 
angelic acid) after the procedure of Freund and Schwartz (10). 


CyoHggOgN a H.O = Co;HyOgN + C;H,;0, 
Cevadine Cevine a-Methylcrotonic acid 


The veratridine was identified by its hydrolysis to cevine and veratric acid 
according to Blount (8): 


CwHOuN + H,O = Co7HywOgN + CoHyoO, 
Veratridine Cevine Veratric acid 


Veratridine proved to be very toxic, a solution of 42 mg. in 100 ce. d 
kerosene having an O. T. I. rating of +34.' Cevadine was fairly active, 
solution of 80 mg. in 100 cc. of kerosene having an O. T. I. rating of +1. 
The bases (of the chloroform eluate) from the mother liquor after the isola- 
tion of veratridine diliturate were less active than the original alkaloid 
mixture, showing that the high toxicity of the chloroform eluate was due 
largely to veratridine. Cevine and cevine dibenzoate were both totally 
inactive in knockdown and kill. Veratridine at 20 mg. per 100 ce. and 
cevadine at 42 mg. per 100 cc. resulted in practically complete knockdowns 
in 3 minutes. Fig. 1 gives the concentration-mortality curves for vere 
tridine, cevadine, and the alkaloid mixture. The curve for the pyrethrins 
is included for comparison. It shows that veratridine greatly surpasses 
the other substances in toxicity in kerosene to house-flies and that cevadine 
and the alkaloid mixture exhibit a slightly greater activity than the 
pyrethrins. 

Sabadilla seed has a high oil content (18 to 19 per cent). When rela- 
tively high concentrations of the oil in kerosene were tested on the house- 
fly, high knockdowns but low mortalities were obtained. The knockdown 


1The significance of the Official Test Insecticide rating is given in the section 
“Biological assay.’ 
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Fie. 1. Concentration-mortality curves of the sabadilla alkaloids in kerosene 
against the house-fly and a comparison with the pyrethrins. 
TaBLeE I 
Toxicity of Sabadilla Alkaloid Fractions and Sabadilla Oil in Kerosene to House-Fly 
Toxicity 
Substance tested Kerosene | a cent 
nockdown io, T.I. 
es 
3 min. 10 min. 
mg. per 100 cc. 
Bases from soluble diliturates of 84 100 | 100 | —21 
CHCI; eluate 42 | 100 | 100 | —23 
Cevine 80 (Saturated solution) | 0 | O | —49 
“ dibenzoate 24-36 (Saturated solu- | 0 | 0 | -50 
tion) 
Sabadilla oil 2200 | 78 | 85 | —47 
9600 | 88 | OF | —43 
Oil extracted with HCl 50% solution (by volume)} 0 OO | —5O 
Alkaloids from sabadilla oil s4 (100 | 100 | —18 
| 170 | +40 
| O |} O | —50 


Kerosene 


| 


| 








* See the section on ‘‘Biological assay’’ for the method of testing and the signifi- 
cance of the Official Test Insecticide rating. 


was eliminated when the oil was first extracted with dilute hydrochloric 
acid. From 100 gm. of sabadilla oil were isolated 1.2 gm. of alkaloids pos- 


sessing a toxicity similar to that of cevadine (see Table I). 
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BIOLOGICAL ASSAY 


The biological activity of the fractions was evaluated in kerosene ag, 
contact insecticide to house-flies by a procedure previously described by 
Allen et al. (11). 3 ec. of a kerosene solution of the fraction to be tested 
were atomized into the upper end of a bell jar and flies raised under stand. 
ard conditions were exposed to the settling mist for a period of 2 minutes 
Both knockdown and kill were recorded. 

To record relative toxicity, samples were compared with a standardized 
insecticide, Official Test Insecticide (O. T. I.). This insecticide is of sud 


Tas_e II 
Chromatographic Adsorption of Sabadilla Alkaloids on Aluminum Oxide 











| 20° Toxicity in kerosene 
Fraction or eluate No. Base la}, 
inalcohol | | O. T. I. rating! 
me. | meg. per 100 cc. 
1 Benzene filtrate eer TT 4a TS | <7 
| 44 —38 
2 ““ washing 389 | +9.3 84 | +20 
44 | —29 
GR wt “ bateae «4 | | 
4 CHC), eluate 547 apo —i 86 +37 
| 44 | —12 
§ #e | 329 +5.4 | 8 | +25 
44 —6 
6 . - 157 | | 
nee aT | | 
eu © ae | | 
9 Ethanol eluate =: 360 —6.7 86 —44 
44 | —49 
10 ““ sé | 58 | 
a a. a Tah | 





* See the section on ‘‘Biological assay’’ for the significance of the Official Test 
Insecticide rating. 


strength that it is equivalent to a 50 per cent kill as described by Ford (12). 
The toxicity measurements in Tables I and II are given as O. T. I. ratings, 
which are calculated by subtracting the average per cent kill of the stand- 
ard from that of the unknown. Thus a solution of low toxicity would have 
a negative rating, while one giving 40 per cent more kill than the standard 
insecticide is considered a +40 rating. The values given in Tables I and 
II represent the averages of six cages of thirty-five to forty flies per cage. 

The kerosene used in the tests was a highly refined petroleum fraction 
known as “Sinclair insecticide oil base,’ obtained from the Sinclair Oil 
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Refining Company. As shown in Table I, the kerosene itself gives no kill 
and no knockdown. 

§ The test samples were prepared by adding the sabadilla fractions to kero- 
sene and heating on a steam bath to facilitate solution. The solutions 
were then cooled and filtered. 


EXPERIMENTAL 


Extraction of Sabadilla Seed with Petroleum Ether—The sabadilla seed 
was ground to 30 mesh and extracted with petroleum ether (Skellysolve A) 
in a Soxhlet extractor for 30 to 40 hours. The oil content was 18 to 19 per 
cent. It contains only traces of alkaloid. 

Isolation of Alkaloid Mixture—The dried oil-free seed was extracted in a 
Soxhlet apparatus with acetone for 2days. The acetone extract (from 1129 
gm. of original seed) was concentrated toa syrup. The syrup was dissolved 
in 250 cc. of ethanol and the resulting dark solution poured into 4 liters 
of water containing 60 cc. of 10 per cent hydrochloric acid. The mixture 
was stirred well and filtered. Extraction of the filtrate with ether removed 
ether-soluble acidic and neutral substances. The aqueous phase was made 
alkaline with sodium hydroxide, whereupon a white precipitate of the 
alkaloids was obtained. The mixture was extracted with ether and the 
ether extract concentrated to dryness. By removing the last traces of 
ether in vacuo, the alkaloid mixture was obtained as a white fluffy amorph- 
ous mass. The average yield of alkaloid was 2.7 per cent of the original 
seed. The toxicity of the mixture is given in Table I and Fig. 1. 

Fractionation of Alkaloid Mixture by Adsorption on Aluminum Oxide— 
3 gm. of the alkaloid mixture ([a]?” = +2.9° in ethanol, C = 8) were 
dissolved in 100 ec. of benzene and passed through a column of activated 
aluminum oxide (22 X 240 mm.). The column was washed first with 
benzene (Fractions 1 to 3 (Table I1)) until most of the benzene-soluble 
material had been removed from the column. The process was repeated 
with chloroform as the eluting agent (Eluates 4 to 8), followed by 95 per 
cent ethanol (Eluates 9 to 11). Successive 100 cc. fractions of the wash- 
ings and eluates were collected, concentrated to dryness in vacuo, and the 
residues weighed. Table II lists the amounts obtained in each fraction, 
their specific rotations in ethanol,.and their toxicities to house-flies. The 
total amount of material recovered from the column was 2.77 gm. (92.5 
per cent). 

Isolation of Cevadine—1 gm. of the combined benzene washings and 0.5 
gm. of dilituric acid were dissolved in 40 cc. of boiling water. On cooling, 
a gum separated out which became crystalline after standing for 2 days. 
It was purified by recrystallization from water (Diliturate I). The yield 
was 0.9 gm. Diliturate I crystallizes with about 10 molecules of water in 
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pale yellow crystals which melt at 68-69°. On drying, it becomes bright 
yellow and the anhydrous product decomposes at 220° with previous 
darkening. 


Analysis—Cevadine diliturate, C32.HO.N-C,H;0;N; 
Calculated, C 56.53, H 6.85, N 7.33; found, C 56.33, H 6.72, N 7.29 





Diliturate I (493 mg.) was added to 50 cc. of 1 per cent sodium hydroxide 
and the mixture shaken with ether. The solid gradually dissolved. The 
ether extract was concentrated to dryness and yielded 338 mg. of cevadine 
(89 per cent yield) ({a]?”° = +10.7° in ethanol, C = 6.0). Macbeth and 
mae = Robinson (13) report [a i" = +12.5° in alcohol. The toxicity of the free 

base is given in Table I and Fig. 1. 

The aurichloride crystallized from alcohol in fine yellow needles which 
melted with decomposition at 190°. Ahrens (14) reported a melting point 
of 182° with decomposition. 

When the mother liquor from the crystallization of cevadine diliturate 
had been allowed to stand for 2 weeks, a white amorphous precipitate of 
veratridine diliturate was obtained which was recrystallized from water 
(yield, 0.2 gm.). Since larger amounts of veratridine diliturate were ob- 
tained from the chloroform eluate, it is described in the following section. 

| Proof of Identity of Cevadine—The base (520 mg.) from Diliturate I was 

if hydrolyzed according to the directions of Freund and Schwartz (10). 226 
mg. of crystalline cevine were obtained which sintered at 165° and wer 
completely resinified at 172°. According to Freund and Schwartz (10), 
cevine sinters at 155-160° and becomes a transparent resin at 165-170°. 
The dibenzoate melted at 192—193°; Freund (15) reports 195-196°. 

The mother liquor and washings from the isolation of the cevine wer 
acidified with hydrochloric acid and extracted with ether. The ether 
extract was evaporated and the residue dissolved in 2 ec. of carbon disulfide 
containing a few drops of bromine. The mixture was allowed to stand for 

. 2 days and the excess solvent and bromine were removed. After standing 
overnight, large crystals were obtained (36 mg.), melting at 86-87.5°. The 
dibromo derivative of a-methylcrotonic acid melts at 86—87° (15). 

Isolation of Veratridine—1 gm. of the combined chloroform eluate and 
0.5 gm. of dilituric acid were dissolved in 40 cc. of boiling water. On cool 
ing, a gum separated which, after standing for 2 weeks, turned amorphous. 
The mother liquor was decanted and the residue recrystallized from water 
(Diliturate II). The yield was0.4gm. Diliturate II separates from water 
as a cream-colored powder which decomposes at 233° with previous 


darkening. 


| 
; 
| Analysis—Veratridine diliturate, CyeHs,0.,.N -C,H;O;N; 
f Calculated, C 56.73, H 6.43, N 6.62; found, C 56.30, H 6.36, N 6.67 
) 
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Diliturate II (895 mg.) was added to 50 ce. of 1 per cent sodium hydroxide 
and the mixture shaken with ether. The solid gradually dissolved. The 
ether extract was concentrated to dryness and yielded 271 mg. of white 
amorphous veratridine (87 per cent yield) ({a]? = +7.2° in ethanol, C = 
3.9). A sample reprecipitated from a solution of the hydrochloride had 
the indefinite melting point of 155-175°. Blount (8) reports the melting 
point of 160-180°, and an [x]? in alcohol of 8.0°. The toxicity of the 
veratridine is given in Table I and Fig. 1. 

The mother liquor from the isolation of the veratridine diliturate was 
made alkaline with sodium hydroxide and extracted with ether. The 
toxicity of the alkaloid mixture so obtained is given in Table I. 

Proof of Identity of the V eratridine—The base (212 mg.) from Diliturate II 
was hydrolyzed according to the direction of Blount (8). 91 mg. of crystal- 
line cevine were obtained, which sintered at 162° and were completely resini- 
fied at 170°. The dibenzoate melted at 188-190°. 

The base (144 mg.) was refluxed with 0.2 gm. of potassium hydroxide in 
5ec. of ethanol for 1 hour. The alkaline solution was concentrated to 2 cc., 
25 ce. of water were added, and the mixture was acidified with hydrochloric 
acid and extracted with ether. The ether extract yielded veratric acid, 
which, when recrystallized from water, melted at 178-180° (29 mg.). 


We are indebted to Dr. Walter A. Jacobs of The Rockefeller Institute 
for Medical Research, New York, for his generosity in supplying us 
with a sample of cevine, to Mr. N. J. Gothard, of the Sinclair Oil Refining 
Company, for confirming our results on the toxicity of cevadine and 
veratridine, and to our colleague, Mr. Frederick J. Dexheimer, for carrying 
out many of the biological assays. 


SUMMARY 


1. The alkaloids of sabadilla seed (Schoenocaulon sp.) are responsible for 
the toxicity of kerosene extracts of the ground seed to the house-fly, Musca 
domestica L.. 

2. By adsorption of the alkaloid mixture from sabadilla seed on a 
column of aluminum oxide, three fractions differing in toxicity were ob- 
tained. Cevadine and veratridine were isolated as their crystalline 
diliturates. 

3. Veratridine in kerosene was found to be highly toxic to the house-fly. 
Cevadine exhibited less toxicity. Both alkaloids, as well as the remaining 
alkaloid mixtures, gave very quick and complete knockdowns. 

4. Cevine and cevine dibenzoate showed no toxicity in kerosene to the 
house-fly. The oil extracted from sabadilla seed possessed knockdown 
but no killing power. 
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INCREASED PLASMA FIBRINOGEN INDUCED BY 
METHYLXANTHINES* 


By JOHN B. FIELD, A. SVEINBJORNSSON, ann KARL PAUL LINK 


(From the Department of Biochemistry, Wisconsin Agricultural Experiment Station, 
University of Wisconsin, Madison) 


(Received for publication, March 19, 1945) 


We have previously reported that the methylxanthines, caffeine (1 ,3 ,7- 
trimethylxanthine), theobromine (3 ,7-dimethylxanthine), and theophy!l- 
line (1 ,3-dimethylxanthine), can induce a state of hyperprothrombinemia 
in the dog, rabbit, and rat (1). These substances also protect the same 
species against the hypoprothrombinemic action of the anticoagulant 
3,3’-methylenebis(4-hydroxycoumarin) (1). The purpose of this report 
is to indicate that the administration of the methylxanthines in large 
single oral doses to the dog and rabbit raises the plasma fibrinogen level 
above the pre-test normal. 


EXPERIMENTAL 


The details of the animal experiments have already been described 
(1,2). Fibrinogen was determined by a modification (3) of the colorimetric 
method of Folin and Ciocalteu (4), and total plasma protein by a standard 
colorimetric procedure (5). The findings from many trials in both the 
rabbit and dog will be reported in a highly condensed form. 

Representative responses obtained by feeding single doses of caffeine, 
theophylline, and theobromine to dogs are given in Table I. It is note- 
worthy that, although the response obtained in dogs from a single dose was 
somewhat irregular, a consistent and more pronounced increase in fibrino- 
gen levels was observed when the drugs are given on consecutive days. 
The following compounds, even when fed in relatively large doses, had no 
effect on the fibrinogen values in the dog: xanthine, adenine, guanine, 
uric acid, allantoin, creatine, creatinine, urea, guanidine, and uracil. 

Representative results realized with rabbits are given in Table II. Caf- 
feine, theophylline, theobromine, xanthine, adenine, uric acid, guanidine, 
and glycocyamine! induced detectable increases in the fibrinogen levels, 
while guanine, allantoin, urea, and 6-methyluracil had no éffect. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station, and supported through special grants from the Graduate Research 
Committee of the University, Office of Professor E. B. Hart, made available by the 
Wisconsin Alumni Research Foundation. 

‘This compound was kindly supplied by Professor Henry Borsook, California 
Institute of Technology, and we are indebted to Dr. R. T. Major, Research Depart- 
ment, Merck and Company, Inc., Rahway, New Jersey, for the 6-methyluracil. 
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In the course of this work the total plasma protein content was routinely 
estimated. Substantial daily variations were noted. But it should be 
indicated that the increased fibrinogen and prothrombin levels induced by 


TABLE I 


Representative Effects of Single Oral Dose of Methylxanthines on Fibrinogen 
Content of Dog Plasma 








Plasma fibrinogen levels 

















Dose per | . = 
kilo Normal and | 1 day after 2 days after | 3 days after| 4 days after 
$.D.* feeding feeding feeding feeding 
meg. mg. percent | mg. per cent | meg. per cent | mg. per cent| mg. per cent 
Caffeine....... | 100 271+18.0; 405 | 340 | 288 
rs | 200 | 189+ 8.0/ 186 | 394 | 332 276 
Theophylline.........| 200 156+ 8.0) 206 230 | 204 182 
“s | 400 189+ 13.0) 308 | 232 | 235 | 
Theobromine.........| 100 | 164+ 7.0; 191 | 237 | 245 | 218 
*s.p. = standard deviation based on not less than four consecutive daily values 


obtained with the same dog prior to the test. 


TaB.Le II 


Representative Effects of Single Oral Dose of Methylxanthines on Fibrinogen 
Content of Rabbit Plasma 



































Plasma fibrinogen levels 
Dose eee 

kilo | | iday 2days | 3days | 4days | 6 days 

| Normal and s.p.* after after | after after | after 

| feeding | feeding | feeding | feeding | feeding 

me | metre | EB | ET | Ele | eee | mete 

Caffeine... | 50 | 217+ 5.0 | 398 | 487 | 742 | 

Theophylline | 2.5! 363+ 6.0 | 535 | 491 | 539 458 451 
- | 50 | 270+ 6.0 | 482 | 579 524 518 477 
Theobromine... 100 | 312+13.0 | 524 572 | 606 637 637 
Xanthine...........| 50 | 322+18.0 | 528 | 554 | 554 552 524 
Adenine. ... | 50 | 3404 6.0 | 460 | 429 | 440 | 371 | 388 
Uric acid..... 50 | 3088+ 7.0 | 551 | 470 | 461 | 429 | 399 
Guanidine.... 50 | 3654 6.0 | 415 | 488 | 508 497 383 
Glycocyamine.. 100 | 362+ 7.0 | 398 508 | 429 431 374 

*s.p. = standard deviation based on not less than four consecutive daily values 


obtained with the same rabbit prior to the test. 


the methylxanthines are usually not reflected by significant increases in 
total plasma protein content. This is understandable, since fibrinogen 
and prothrombin constitute but a very small part of the total plasma 
protein. 
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DISCUSSION 


The work of Tobitani (6) suggested that the methylxanthines have an 
effect on fibrinogen formation. He found that substances containing the 
guanidine nucleus shorten the coagulation time by not only increasing the 
formation of thrombin but also by simultaneously elevating the blood 
fibrinogen (6). 

The present evidence on the influence of methylxanthines on the fibrino- 
gen levels of the dog is supported by additional unpublished experiments.* 
In this study it was possible to maintain the pre-test fibrinogen levels 
within the normal range by the prophylactic administration of methyl- 
xanthines to dogs given toxic doses of chloroform. In the absence of 
methylxanthines, chloroform produces a marked diminution of plasma 
fibrinogen (7, 8). 

The greater sensitivity of the rabbit to substances affecting the fibrinogen 
level merits comment. Detectable increases occurred in the rabbit after 
feeding as little as 1 to 2.5 mg. per kilo of the methylxanthines, The re- 
sponse of the dog was generally less consistent. A minimum Boss of 75 
to 100 mg. per kilo of the methylxanthine was required to produce a demon- 
strable effect. Xanthine, adenine, uric acid, guanidine, and glycocyamine 
significantly increased the plasma fibrinogen in the rabbit but not in the 
dog. Furthermore, in rabbits fed 25 to 50 mg. per kilo of the methyl- 
xanthines, the increase in fibrinogen values persisted for 2 to 3 weeks before 
pre-test levels were reestablished. This effect is detectable for only 3 to 4 
days in the dog. 

The possibility that the methylxanthines increase the fibrinogen level 
by causing hepatic injury was explored via the bromosulfalein retention 
test (9). No change from the norn.al retention was detected. It would 
therefore appear, as suggested previously ((1) p. 734), that the methyl- 
xanthines produce a stimulation of hepatic function which results in in- 
creased plasma fibrinogen. 


SUMMARY 


1. The oral administration of the methylxanthines, caffeine, theobromine, 
and theophylline, to dogs and rabbits raises the level of plasma fibrinogen. 
Xanthine, adenine, uric acid, guanidine, and glycocyamine increased the 
fibrinogen in the rabbit but not in the dog. 

2. The rabbit was markedly more susceptible to the fibrinogen-increasing 
capacity of methylxanthines than the dog. Depending on the dose, an 
increased fibrinogen level may persist in the rabbit for 2 to 3 weeks. 


* Field, J. B., Graf, L., and Link, K. P., in preparation. 
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PYRUVIC OXIDASE OF PROTEUS VULGARIS 
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Pyruvic acid enters into a wide variety of reactions in bacterial metab- 
dism. In the presence of inorganic phosphate, cell-free extracts of 
Lactobacillus delbrueckii (1) oxidatively decarboxylate it to acetyl phosphate 
and CO., whereas an enzyme prepared from Clostridium butylicum (2) 
dissimilates it to acetic acid, He, and CO.. Escherichia coli (3, 4) contains 
an enzyme which catalyzes the phosphorylative dissimilation of pyruvic 
acid to acetyl phosphate and formic acid; and Aerobacter aerogenes (5) 
contains an enzyme which induces the condensation of pyruvic acid to 
acetylmethylcarbinol with liberation of CO,. In all four of these reactions 
inorganic phosphate is necessary.. Lipmann (6, 7) has elucidated the 
nature of this phosphate requirement by showing that in the breakdown 
of pyruvic acid inorganic phosphate is taken up to yield acetyl phosphate. 

The present investigation deals with a type of bacterial pyruvic oxidase 
which does not require inorganic phosphate and catalyzes the oxidation of 
pyruvic acid to acetic acid and CO, with liberation of much free energy 
(6, 8). 

In carboxylases from yeast and animal sources, the prosthetic group is 
diphosphothiamine in conjunction with magnesium (9, 10). The pyruvic 
acid oxidase of Lactobacillus delbrueckii (1) contains flavin-adenine-dinu- 
cleotide as an essential component in addition to magnesium and diphospho- 
thiamine, but this dinucleotide appears to be unnecessary for those pyruvic 
oxidases which do not require inorganic phosphate. 

Proteus vulgaris contains an enzyme which, in the presence of diphospho- 
thiamine and a bivalent metal ion, specifically catalyzes the oxidative 
decarboxylation of pyruvic acid to acetic acid and CO,. Inorganic phos- 
phate is not required in the reaction. 

Preparation and General Properties—Fresh suspensions of Proteus vulgaris 
must be used for the preparation of an active enzyme. Bacterial sus- 
pensions, stored at about — 50° for a period of several months, yield inactive 


preparations. 
Two methods for disintegrating bacteria were employed; namely, expo- 


* From a dissertation submitted by the author in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy in the Faculty of Pure Science, Colum- 
bia University. This work has been supported by a grant from the John and Mary R. 
Markle Foundation administered by Dr. D. E. Green. 
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sure to ultrasonic irradiation (11) and crushing by the Booth-Green mij 
(12). After either of the two treatments, intact cells and cellular débris 
were removed by repeated centrifugation. In both cases the supernatant 
juice was opalescent and pale yellow in color. The enzyme could bk 
concentrated with little loss in activity by precipitation with acetic acid at 
pH 4.3. A concentrated enzyme solution showed large losses of activity 
when held at about — 50° for as little as 24 hours, but at 4° was stable over 
a period of several weeks. 

The enzyme tolerates exposure to 60° for 5 minutes at pH 7 with little 
loss in activity, but exposure to 70° and 75° for the same period leads 
respectively to 50 per cent and 100 per cent inactivation. Dialysis against 
distilled water or 0.1 per cent saline causes no loss in activity, whereas 
dialysis against 0.02 m phthalate buffer at pH 4.0 or against 0.02 m phos. 
phate or 0.02 m pyrophosphate buffer at pH 8.8 is accompanied by complete 


TaBLe | 


Fractional Centrifugation of Enzyme 


stag tational | Centrifu | ody 
£ min. 
1. Fresh cell suspension 325 
2. Supernatant after ultrasonic disintegration and 2,500 30 102 
Ist centrifugation 

3. Supernatant of (2) after 2nd centrifugation 9,700 60 288 
4. Sediment of (2) after 2nd centrifugation 9,700 60 50 
5. Supernatant of (3) after 3rd centrifugation 100,000 45 0 
6 100 ,000 45 410 


. Sediment of (3) after 3rd centrifugation 


* C.mm. of oxygen per hour per mg. of bacterial nitrogen. 


loss of activity which is not restored by the addition of boiled bacteria, 
boiled enzyme, yeast extract, or flavin-adenine-dinucleotide. Acetone 
precipitation in the cold (—10° at pH 7) inactivated the enzyme com- 
pletely. Exposure of the enzyme preparation to ultrasonic irradiation 
for 30 minutes causes no inactivation. 

The enzyme appears to be associated with macro particles which are 
sedimented in strong centrifugal fields (see Table I). It has an optimum 
pH ranging from 5.5 to 6.1, depending on the buffer employed (Fig. 1). 
Activity in the three buffers tested, acetate, phosphate, and phthalate, 
falls sharply below pH 5.3 and above 6.7. In phosphate buffer the enzyme 
is completely inactive above pH 7.6. Below pH 5.3 there is considerable 
aggregation of particles. 

Enzyme activity was followed for the most part manometrically. Sub- 


stitution of oxygen for air in the gas phase had no influence on the rate of 
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exygen consumption, indicating that the limiting reaction was not the 
rate of oxidation of the reduced enzyme by oxygen. In the presence of 
pyruvic acid, the enzyme system slowly reduced methylene blue anaerobi- 
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Fic. 1. Reaction velocity as a function of pH. Each manometer vessel contained 
05 ce. of enzyme, 0.5 cc. of 0.2 m lithium pyruvate, 0.5 cc. of 0.5 m buffer, 0.1 ec. of 0.2 
per cent manganese sulfate, 0.1 cc. of 0.1 per cent diphosphothiamine. Final volume 
3ce.; NaOH in center pot; temperature 38°. The following symbols indicate the na- 
ture of the buffer; @ acetate, A phosphate, §§J phthalate. 
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Fic. 2. Reaction velocity as a function of substrate concentration. Each manom- 
eter vessel contained 0.5 cc. of enzyme, 0.1 cc. of 0.2 per cent manganese sulfate, 0.1 
ce. of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.5 mM acetate buffer at pH 6.0. Final 
volume 3 cc.; NaOH in center pot; temperature 38°. 


cally. As an electron acceptor, however, methylene blue is only 11 per cent 
as efficient as oxygen. 


Fig. 2 shows the relation between reaction velocity and substrate concen- 
tration. The molar concentration of substrate at which half the maximum 








532 PYRUVIC OXIDASE OF PROTEUS VULGARIS 


velocity is reached is about 5 X 10-*. Above 20 x 10 M, increase in the 
concentration of substrate does not lead to any change in the velocity of 
oxidation. 

Reaction—The oxidative decarboxylation of pyruvic acid follows the 
equation 
(1) CH,;COCOOH + 40, — CH;,COOH + CO, 


Anaerobically, no disappearance of pyruvic acid has been observed. Either 
anaerobically or aerobically, the addition of methylene blue, riboflavin, 
flavin-adenine-dinucleotide, or inorganic phosphate did not alter the natur 
of the reaction. It therefore seems improbable that either a hydroclastic 
reaction' or a dismutation takes place as an intermediary step. Since a 
possible condensation product, acetylmethylearbinol, and its oxidation and 
reduction products, diacetyl and 2,3-butylene glycol, were found to be 
completely unreactive in the presence of the enzyme system, it would also 
seem improbable that a preliminary condensation of 2 molecules of pyruvic 
acid with subsequent oxidative disruption of the labile condensation 
product to 2 molecules of acetic acid and CO, could take place. The 
possibility that the actual mechanism might be a simple two-step reaction, 
the first step being a decarboxylation and the second a rapid oxidation 
of the formed aldehyde, is excluded because CO, is not produced under 
anaerobic conditions and the enzyme does not oxidize acetaldehyde. 
Finally, the hypothesis of a condensation of pyruvic acid with specific 
amino groups to form a Schiff base, which is then rapidly disrupted to acetic 
acid, CO,, and the regenerated amino group, has been considered, but 
available experimental data do not justify a decision concerning its valid- 
ity. 

The evidence at hand merely suggests that, since phosphate is not 
involved in the reaction, the pyruvic acid possibly forms an unstable hy- 
drate which is dehydrogenated to acetic acid and CO, in the presence of the 
specific enzyme system and oxygen. 

There is no evidence as to the type of electron acceptor immediately 
responsible for the oxidation of the substrate. Since magnesium and zine 
are effective bivalent cations, the réle of manganese as a possible electron 
acceptor must be ruled out. The possibility that the cytochrome system 
acts as a bridge between the substrate and oxygen is likewise excluded, 
since sodium azide (final concentration 1 m) (13) does not inhibit oxygen 
uptake. Finally, application of the methods of separating reversibly the 
prosthetic group from the protein moiety of the enzyme, as developed by 


1 Utter and Werkman (4) limit the hydroclastic reaction to the anaerobic enzyma- 
tie disruption of pyruvic acid to formic and acetic acids by either water or phosphori¢ 


acid. 
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Warburg and others (14, 15), has yielded either a partially or completely 
inactive enzyme, the activity of which could not be restored on addition of 
flavin-adenine-dinucleotide, yeast extract, boiled bacteria, or boiled enzyme. 


Taste II 
Components of System 
The complete system contained 1.5 ec. of enzyme, 0.5 cc. of 0.5 m phosphate 
buffer at pH 6.0, 0.2 ce. of 0.1 per cent diphosphothiamine, 0.1 cc. of 0.2 per cent 
manganese sulfate, 0.5 cc. of 0.2 m lithium pyruvate, and water to make a final vol- 
ume of 3. Oc ec.; NaOH in center pot; temperature 38°. 











Oxygen uptake in 

min. 

c.mm. 
Complete system a OM PERS nn ee 157 
Without diphosphothiamine Noah ee aw Eee ee ee 0 
* ONS ois '3 58 eS nn tet 8 48 EO . Sar 30 
DRIED 65 idk LOLs tes dna inert de cs 0 
* phosphate. iv JG. des cee oc apa de wet Riedl 152 
With flavin-adenine- dinucleotide Mies «dete WOU taie RE Ba es 156 
* boiled enzyme be eter! mga gn meen, RACE ES 0 
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1 
Molarity x10° — Diphosphethiemin 
Fic. 3. Reaction velocity as a function of diphosphothiamine concentration. 
Each manometer cup contained 0.5 cc. of enzyme, 0.5 cc. of 0.5 m acetate buffer at pH 
6.0,0.1 cc. of 0.2 per cent manganese sulfate, 0.5 cc. of 0.2m lithium pyruvate. Final 
volume 3 cc.; NaOH in center pot; temperature 38°. 





Components—The pyruvic acid oxidase system consists of at least (1) 
aspecific protein, (2) diphosphothiamine, and (3) a bivalent cation such as 
manganese (Table II). 

Diphosphothiamine is the specific coenzyme. Fig. 3 shows the relation- 
ship between the concentration of diphosphothiamine and the reaction 








534 PYRUVIC OXIDASE OF PROTEUS VULGARIS 


velocity. Thiamine, monophosphothiamine, and pyrithiamine neithe 
replace diphosphothiamine nor inhibit the reaction in which diphosph 
thiamine participates. Flavin-adenine-dinucleotide, adenine pyrophe 
phate, and coenzyme | also cannot replace the prosthetic group. 
Evidently the pyrophosphate group of diphosphothiamine plays g 
important role in linking the prosthetic group to the enzyme protep 
Inorganic pyrophosphate inhibits the activity of the enzyme when preseyt 
in adequate amounts, but this inhibition can be reversed by increasing th 
concentration of diphosphothiamine (Table III). Thus, a concentratig 
of pyrophosphate 250 times that of diphosphothiamine brings about 9 


TaBLe III 
Effect of Pyrophosphate on Enzyme Activity 
Each manometric cup contained 0.5 ec. of enzyme (1.46 mg. of bacterial N), 05 
ee. of 0.2 m lithium pyruvate, 0.05 ec. of 0.2 per cent manganese sulfate, 0.5 ec. of 05 
mM acetate buffer at pH 6.0, 0.2 m pyrophosphate at pH 6.0 of varying amounts, 0] 
per cent of diphosphothiamine of varying amounts (at pH 6.0), and water to makes 
total volume of 3.0 cc.; NaOH in center pot; temperature 37°. 














Pyrophosphate Diphosphothiamine Oxygen uptake Per cent inhibition 
uX 10% um X 106 ¢.mm. per 10 min. 
34.5 43 
0.7 34.5 18 58 
3.4 34.5 6 86 
6.7 34.5 3 92 
13.4 34.5 2 96 
3.4 14.0 4 91 
3.4 34.0 5 8S 
3.4 69.0 9 79 
3.4 207 18 58 
3.4 415 29 32 
3.4 32 26 


690 


) 
| 
| 


per cent inhibition. If the concentration of diphosphothiamine is raised 
to a level one-fifth that of pyrophosphate, inhibition becomes negligible. 
In adequate amounts manganese, which forms an insoluble pyrophosphate, 
also abolishes pyrophosphate inhibition. 

Diphosphothiamino enzymes can be classified into two general groups, 
depending on the relative degrees of dissociation of the conjugated proteins 
In the first group of diphosphothiamino enzymes of which yeast carboxylase 
(9), pyruvie oxidase of Lactobacillus delbrueckii (1), the phosphoroclastie 
enzyme of Escherichia coli (3), pyruvic ketolase, and a-ketoglutaric carboxy- 
lase of animal tissues (10) are examples, the coenzyme is firmly combined 
with the protein in neutral solution. Dissociation, however, takes place 
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readily below pH 4.6 or above pH 8. In the second group, of which acetal- 
dehyde ketolase is an example (10), the coenzyme is completely dissociated 
even in neutral solutions. Since the supernatant juice obtained by cen- 
trifuging suspensions of disintegrated Proteus vulgaris has been found con- 
dstently not to catalyze the oxidation of pyruvic acid unless supplemented 
with diphosphothiamine, the inference might be drawn that this pyruvic 
oxidase is a highly dissociated diphosphothiamino protein, and that in the 
process of preparing the cell-free enzyme the dissociated coenzyme is diluted 
sufficiently to mask its action. If such were the case, then disintegrating a 
thick paste of bacteria (500 mg. dry weight per cc.) rather than the usual 


TaBLe IV 
Inactivation of Diphosphothiamine by Proteus vulgaris 
Dephosphorylation of diphosphothiamine was demonstrated by incubating 100 y 
of diphosphothiamine with 1 ce. of fresh Proteus vulgaris suspension in 0.5 ec. of 0.5 
wacetate buffer at pH 6.0 for 4 hours at 37°. Reaction mixtures were made up to a 
volume of 10 cc., bacteria were removed by centrifugation, and aliquots determined 
for thiamine and diphosphothiamine by the thiochrome method. 











System —- Thiamine withprrvi 
iid oy Rou eae 
|. Diphosphothiamine + P. vulgaris 0 iow® 0 
la. 4 + polidase* 0 | 98 
2. " + boiled P. vulgaris 98 0 | 2 
2s, “ iy Se “ + 0 | 99 
polidase | 
3. Cell-free pyruvic oxidase preparation + diphos- | 99 0 | 30 
phothiamine 
4. Thiamine + P. vulgaris 0 98 
5. ” + boiled P. vulgaris 0 99 





* Cf. foot-note 6. 


thin suspension (25 mg. dry weight per cc.) would be expected to minimize 
the dilution of coenzyme. Nonetheless, the supernatant juice, obtained 
by centrifuging down disintegrated bacteria, is still inactive unless diphos- 
phothiamine is added. Moreover, whereas addition of the coenzyme to the 
bacterial suspension prior to disintegration should nullify the dilution effect, 
the requirement of the enzyme for diphosphothiamine is the same whether 
ornot diphosphothiamine is added to bacterial suspensions prior to disinte- 
gration. On the whole the evidence favors the view that, in the process of 
preparing the cell-free enzyme, destruction of diphosphothiamine takes 


place. 


As summarized in Table IV, the intact bacterial cell, but not cell-free 
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preparations, contains a phosphatase which rapidly dephosphorylats 
diphosphothiamine to thiamine.2. Thiamine itself is not further attacked 
This bacterial phosphatase probably only attacks diphosphothiamine whe, 
it is free and not when bound to a protein, since suspensions of Proteus py. 
garis do not inactivate yeast carboxylase. It is therefore permissible t 
conclude that some dissociation of the oxidase must take place, but th 
precise degree of dissociation has yet to be determined. The sequence ¢ 
events in the inactivation of the supernatant juice is then probably (@ 
dephosphorylation of dissociated diphosphothiamine’ and (6) further disso. 
ciation of the enzyme to satisfy the equilibrium requirements. Eventually 
all the coenzyme would be inactivated in this manner. If measures could 
be taken to eliminate phosphatase action, it would be possible to estimat 
the degree of dissociation of the coenzyme. The following procedures wer 
explored as means of preventing phosphatase action, but in no case with any 
success: (1) disintegration in the presence of a high concentration of fluorik 
(0.03 m), (2) rapid disintegration at 2° and prompt removal of bacteria by 
high speed centrifugation at 4° (the over-all time to prepare the cell-fre 
extract being not more than 25 minutes), and (3) disintegration in acid 
solution (pH 5), in alkaline solution (pH 8), or in ammonium sulfate 
solution (20 per cent). 

In addition to diphosphothiamine, a bivalent metal is essential for the 
activity of the enzyme. The bivalent metal is firmly bound to the protein 
but can be completely split off by exposure to acid (pH 4.0) for about 4 how 
at 0°. Other methods such as repeated precipitation by acetic acid, pre 
longed dialysis against distilled water, or acid or alkaline buffers fail to in- 


? Phosphatase action by whole Proteus vulgaris was demonstrated by incubating 
diphosphothiamine with fresh bacteria under defined conditions (Table IV). The 
bacteria were spun down and aliquots of the reaction mixtures were estimated fa 
thiamine and diphosphothiamine by the thiochrome method. Boiled control 
showed no spontaneous breakdown of diphosphothiamine. The presence of diphot 
phothiamine was also confirmed by an equally sensitive test; viz., the addition d 
aliquots of the reaction mixtures to the pyruvic acid oxidase system complete but for 
diphosphothiamine. Oxidation of pyruvic acid, as indicated by an oxygen uptake, 
revealed the presence of at least 3 of diphosphothiamine per cc. of reaction mixture. 

3 Since oxidation of pyruvic acid by the intact bacterial cell is not enhanced by the 
addition of diphosphothiamine, it is conceivable either that free diphosphothiamin 
is present in excess in the bacterial cell or that the oxidase is not dissociated appreti- 
ably within the cell. There is furthermore the dilemma that, whereas diphosphothi- 
amine added to a suspension of bacteria is rapidly dephosphorylated, the diphos 
phothiamine present in association with the oxidase appears to be stable as longa 
the cell is intact. Probably pyruvic oxidase and the phosphatase do not come 
into contact with one another within the cell, although diphosphothiamine added # 
the external medium freely enters the cell and comes into rapid contact with the 
phosphatase. 
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duce complete dissociation of the enzyme or bring about partial or complete 
inactivation. Calcium, barium, cadmium, aluminum, and ferric ions are 


TABLE V 
Effect of Metal Cations on Enzyme Activity 
Each manometer cup contained 0.5 cc. of enzyme (prepared as described in the 
text), 0.5 cc. of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.5 mM acetate buffer at 
pH 6.0, 0.5 cc. of 0.2 m lithium pyruvate, 0.1 cc. of 0.015 Mm metal cation, and water to 
make a total volume of 3.0 cc.; NaOH in center pot; temperature 37°. 




















Metal cation Final concentration Relative activity 
a moles per 1. X 1074 
CC EEE eee ee 0.45 100 
4.5 100 
ER, ono. Coc yt wes wwevwieeceket es oh ee 5.0 79 
I ci cuiere @ 0's «eRe cea paca ek ee 5.0 0 
IE ile Sw ic wis 60-00 alk ke 5.0 0 
ED Shs w:s's an. vee ve ak Viebewel Lbeu eae 5.0 67 
Iron (ic) bss dra winoltinsibnde soheoebeg ie dca aes a 5.0 0 
CR 805 O° ees ee) eee 5.0 45 
Nickel (ous). . 3 SRR wk eee 5.0 67 
NS ds occ oa's'e Rv wih cn tweed ca eee 5.0 0 
Zinc. a Pe Peer 5.0 60 
SL, co, 2st dae enleean aerate ree 5.0 0 
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Fic. 4. Reaction velocity as a function of the concentration of manganese sulfate. 
Each manometer cup contained 0.5 cc. of enzyme,0.5 cc. of 0.2m lithium pyruvate, 0.1 
ec. of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.5 m acetate buffer at pH6.0. Total 
volume 3 cc.; NaOH in center pot; temperature 38°. 


ineffective, but magnesium, ferrous, nickel, zinc, and cobalt ions can 
replace manganese qualitatively (Table V). The relationship between the 
reaction velocity and the concentration of manganese is shown in Fig. 4. 
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The naturai bivalent metal of the enzyme system probably is magnesium, 
since traces of the metal can be detected by the quinalizarin test (16) in 
ashed enzyme preparations. Moreover, magnesium is found far more 
abundantly in bacteria than are other bivalent metals (17). 

The fact that three components, viz. protein, a bivalent metal, and 
diphosphothiamine, are required provides some basis for visualizing the 
structure of the system. Magnesium or other suitable bivalent metal ions 
‘an be considered as a bridge connecting thiamine pyrophosphate to the 
specific protein in the manner suggested in the formulation, protein- 
magnesium-thiamine pyrophosphate. The hypothetical bridge cannot be 
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Fic. 5. Reaction velocity as a function of phosphate concentration. Each man- 
ometer cup contained 0.5 cc. of enzyme, 0.5 cc. of acetate buffer, increasing amounts 
of 0.5 m phosphate buffer at pH 6.0, 0.1 cc. of 0.2 per cent manganese sulfate, 0.1 ee. 
of 0.1 per cent diphosphothiamine, 0.5 cc. of 0.2 m lithium pyruvate. Fina! volume 
3 ce.; NaOH in center pot; temperature 38°. Curve A represents pyruvic oxidase of 
Lactobacillus delbrueckii, Curve B that of Escherichia coli, and Curve C that of Pro- 
teus vulgaris. 


thiamine pyrophosphate, since preparations can be obtained which contain 
the metal but which are completely free of the coenzyme. Moreover, inhi- 
bition by inorganic pyrophosphate can be readily ascribed to its reversible 
union with the magnesium-protein complex, thus blocking a similar union 
with thiamine pyrophosphate. The importance of the pyrophosphate 
group of thiamine pyrophosphate is further emphasized by the inactivity 
of the monophosphoric ester of thiamine as the prosthetic group. 

The enzymatic oxidation of pyruvic acid proceeds as well in the absence 
as in the presence of inorganic phosphate in concentrations of the same order 
as that required for maximum activity of the pyruvic acid oxidase of Lacto- 
bacillus delbrueckii (1) (ef. Fig. 5). Similarly, the pyruvie acid oxidase of 
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| Escherichia coli (18) does not require the presence of phosphate. In his 


studies on the oxidase of this bacterium, Still (18) noticed that the addition 
of phosphate buffer of pH 6.0 greatly increased the rate of oxidation of 
pytuvic acid. This apparent phosphate effect can, however, be attributed 
to the decrease in pH which resulted on addition of this acid buffer to his 
unbuffered enzyme solutions. Presumably his enzyme solution had, prior 
to the addition of buffer, a pH value of about 7, at which level the activity 
of the enzyme is only small compared to that at pH 6.0. In the present 
experiments, when the reaction mixtures were maintained at pH 6.0 with 
0.5 m acetate buffer, activity was practically the same with or without 
phosphate (Fig. 5). 

It might be assumed that trace amounts of inorganic phosphate react 
with pyruvic acid to form acetyl phosphate, which in turn is immediately 


TaBLe VI 
Acetyl Phosphate Formation 
Each manometer cup contained 0.5 cc. of enzyme, 0.1 cc. of 0.2 per cent manganese 
sulfate, 0.5 ec. of 0.5 M acetate buffer at pH 6.0, 0.3 ec. of m phosphate at pH 6.0, 0.5 
ec. of M lithium pyruvate, 0.1 cc. of 0.1 per cent diphosphothiamine, and water to a 
total volume of 3.0 cc.; NaOH in center pot; temperature 37°. Acetyl phosphate 
estimated by the hydroxamic acid method of Lipmann. 

















Acetyl 
Pyruvate 
Enzyme source Oxygen uptake disappearance poepaate 
micromoles micromoles micromoles 
I. Proteus vulgaris merrier: pet 2.0 4.1 0 
Ii. Becherichia coli... .... 0.0... ccc ccc eeee 6.2 12.1 0 
Ill. Lactobacillus delbrueckii................ 6.1 12.3 6.0 
PR ey ie AE eae eee oe 8.3 16.1 3.2 
i ck em a ng alae tae cian Ee 11.9 23.7 3.8 





broken down to acetic acid with a regeneration of inorganic phosphate, the 
whole process being catalyzed by an extremely active acetyl phosphatase. 
In the light of Lipmann’s findings (7), that 0.03 m fluoride inhibits the break- 
down of acetyl phosphate by at least 50 per cent, one would expect that in 
the presence of fluoride any traces of phosphate would soon accumulate as 
organically bound phosphate, and the reaction would come to a standstill. 
However, 0.03 m fluoride does not inhibit the reaction either initially or 
after the reaction has proceeded for several hours. Utter and Werkman 
(4) and Lipmann‘ have recently demonstrated that the decomposition of 
acetyl phosphate is largely prevented by a high concentration of phosphate 
(0.1 m), with consequent accumulation of the otherwise labile product. 
As summarized in Table VI, in the presence of a final phosphate concentra- 


‘Lipmann, F., private communication. 
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tion of 0.1 M, no acetyl phosphate accumulated in the oxidative breakdowp 
of pyruvic acid catalyzed by the oxidase of either Proteus vulgaris or Escher. 
ichia coli,’ whereas with the oxidase of Lactobacillus delbrueckii as catalyst, 
98 per cent of the calculated amount of acetyl phosphate formed was found 
at the conclusion of the reaction. If the enzyme preparations of both P. 
vulgaris and E. coli contain extremely active acetyl phosphatases, which aet 
regardless of the phosphate concentration, they should, in the presence of 
the enzyme preparations of L. delbrueckii, prevent the accumulation of 
acetyl phosphate. Experiment has shown that in the presence of either P. 
vulgaris or E. coli a considerable proportion of the acetyl phosphate formed 
by the L. delbrueckii enzyme during the oxidation of the keto acid was not 
decomposed. While an acetyl] phosphatase is undoubtedly present in both 


TaBie VII 
Specificity 
Each manometer cup contained 0.25 ec. of enzyme, 0.5 cc. of 0.2 m substrate, 01 
ec. of 0.2 per cent manganese sulfate, 0.5 cc. of 0.5 m acetate buffer at pH 6.0, water 
to make a total volume of 3.0 cc.; NaOH in center pot; temperature 37°. 











Substrate | pw. — . dlaheaphotialil 

c.mm. per 10 min. c.mm. per 10 min. 
|g AB ah LET On: oi) ee 24 23 
Glyoxylie acid...... ; in 0 0 
DE. . sainewwien «2. z0 care ie Peal 0 22 
a-Metebutyric acid... ........ 6.6... -cceeeee 0 0 
Be oe 0 0 
a-Ketoglutaric acid.........................| 0 0 
Phenylpyruvic acid.......... | 4 5 
ee ee eee ee 0 0 
Acetoacetic acid....... 0 0 





P. vulgaris and E. coli enzyme preparations, its action is too slow to ac 
count for the absence of acetyl phosphate as a reaction product of pyruvate 
oxidation by these two oxidases. 

Specificity—The enzyme oxidizes only pyruvic acid. Since at pH 58 
the keto and enol forms of pyruvic acid (19) are present in equal amounts, 
it is uncertain which of the two is the reactive form. 

Table VII contains a summary of the compounds which have been tested. 
a-Ketobutyric, a-ketocaproic, a-ketoglutaric, acetoacetic, glyoxylic, and 
lactic acids are not oxidized. Since the enzyme preparation oxidizes formi¢ 

5 Escherichia coli, grown on an agar surface in Roux bottles, does not contain the 


phosphoroclastic enzyme of Werkman et al. (3), and hence the possibility of acetyl 
phosphate formation by this enzyme is eliminated. 
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and phenylpyruvic acids under conditions (in the absence of diphosphothia- 
mine) in which pyruvic acid is not oxidized, the oxidation of these two acids 
cannot be attributed to pyruvic acid oxidase. 

Inhibitors—With 0.03 m pyruvate and 0.5 cc. of enzyme, fluoride (0.3 
u), iodoacetate (0.003 m), arsenite (0.0003 m), benzoate (0.003 m), sulfa- 
thiazole (0.01 mM), gramicidin (saturated solution), and azide (mM) are without 
effect. Copper sulfate (0.0003 m) and capryl alcohol (saturated solution) 
cause complete inhibition. With cyanide (0.007 m), a 30 per cent inhibition 
was observed, but this effect may not be specific, since cyanide binds pyru- 
vic acid as the cyanohydrin (20), thus lowering its effective concentration. 


EXPERIMENTAL 


Preparation—Proteus vulgaris (strain X-19) was grown in Roux bottles on 
tryptose-phosphate agar (Difco) for 16 hours at 37°. The bacteria were 
harvested by washing off the surface growth with small portions of 0.4 per 
cent saline, and then filtering the washings through several layers of muslin 
to remove agar particles. After hard packing in the centrifuge, the bac- 
teria were twice resuspended and washed in 0.2 per cent saline. The final 
paste was stored at 4° in distilled water. 

Disintegration was effected by one of two methods: (a) 25 ec. of a bac- 
terial suspension containing about 25 mg. dry weight of bacteria per cc. 
were subjected for a period of 20 minutes in a 50 cc. conical flask to ultra- 
sonic vibrations, generated by a crystal-controlled oscillator operating at 
2000 volts and putting out about 600 watts. The piezoelectric crystal used 
was 1 inch in diameter and was ground to a frequency of 600 ke. To pre- 
vent overheating, the transformer oil which completely surrounded the 
erystal was circulated continuously by a centrifugal pump through copper 
coils in an ice water mixture. The temperature of the cell suspensions was 
never allowed to rise above 35°. (b) A thick cream (total volume about 35 
ce.) was circulated through a Booth-Green mill (12) for about 14 hours; 
practically complete disintegration took place. 

The fresh juice (prepared by either method) was freed from intact cells 
and cellular débris by repeated centrifugation in a conical head centrifuge. 
It was then heated to 60° for 5 minutes at pH 7.0, chilled, and acidified with 
10 per cent acetic acid to pH 4.3. The copious, white precipitate of protein 
was spun down at 1000 r.P.m. at 0°, the protein-free supernatant discarded, 
and the white pellet resuspended and washed twice in distilled water. The 
pellet was then resuspended in distilled water to which a few drops of 10 
per cent sodium bicarbonate had been added. The final volume was usually 
one-fifth to one-eighth of the original volume of fresh juice. The resulting 
opalescent, somewhat viscous solution was dialyzed overnight at 4° against 
4 large volume of 0.1 per cent saline or distilled water. This preparation 
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was then spun for 15 minutes at 13,000 r.P.m. in the high speed head of the 
refrigerated International centrifuge, No. 1, to free it of insoluble, inactive 
material. The resulting supernatant juice, used in all experiments de. 
scribed, was slightly turbid, gave no blank, and was completely inactive 
unless diphosphothiamine was added. Less than 1 y of either inorganic 
phosphate or acid-hydrolyzable phosphate (7 minutes at 100° in 1 N sulfurie 
acid) was present per cc. of preparation. About 65 y of organic phosphate 
per mg. of bacterial N was present. 

Pyruvic acid oxidases of Escherichia coli (18) and Lactobacillus delbrueckii 
(1) were prepared by themethods described above. Lactobacillusdelbrueckii 
was grown for 40 hours at 37° in a broth containing 0.8 per cent Bacto-liver 
(Difeo),0.5 per cent Bacto-yeast extract (Difco), 2 per cent glucose (U.S. P.), 
0.8 neopeptone (Difco), and 5 gm. of precipitated calcium carbonate 
per liter of broth. 

Reagents—Pyruvic acid was used in the form of the lithium salt prepared 
according to the method of Wendel (21). a-Ketobutyric acid and a-keto- 
caproic acid were prepared by the method of Schoenheimer and Ratner (22). 
Diphosphothiamine was kindly supplied by Merck and Company, Ine. 
Monophosphothiamine was prepared by the method of Lohmann and 
Schuster (23). We are indebted to Dr. D. W. Woolley for a sample of 
pyrithiamine hydrochloride, to Dr. H. Waelsch for a sample of phenylpyn- 
vie acid, to Dr. H. McCoy of the University of Wisconsin for a culture of 
Lactobacillus delbrueckii, and to Dr. F. Lipmann for a generous sample of 
lithium acetyl phosphate. 

Methods of Estimation—Pyruvic acid was determined by the bisulfite 
method of Clift and Cook (24), inorganic phosphate by the method of Fiske 
and Subbarow (25), and organic phosphate by the method of King (26). 
Acety! phosphate was estimated by the hydroxamic acid-ferric chloride 
method of Lipmann (27). Thiamine was determined by the method of 
Urban and Goldman (28), the Beckman spectrophotometer being employed 
to measure the light absorption of thiochrome at 368 mz. Diphosphothia- 
mine, before being estimated as thiochrome, was first dephosphorylated to 
thiamine by the use of polidase.* 1 cc. of a 5 per cent solution of polidase 
was allowed to react with the diphosphoric ester at pH 4.0 at 37° for at least 
1 hour. 

Products of Reaction—In large scale reaction mixtures volatile acid was 
estimated by the method of Friedemann (29). The distillate was titrated 
with 0.02 x NaOH with phenolphthalein as indicator. Prior to titrating, 
the distillate was freed of CO, by rapid aeration with CO,-free No. 

In a typical manometric experiment, the enzymatic oxidation of 33.7 


6 Polidase is a commercial mold preparation which contains an active phosphatase 
and is obtainable from the Schwarz Laboratory, Inc., New York. 
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micromoles of pyruvic acid required 33.2 microatoms of oxygen and yielded 
31.3 micromoles of CO». The stoichiometric relationship between the dis- 
appearance of pyruvic acid and the formation of acetic acid was determined 
as follows: 1000 micromoles of lithium pyruvate were incubated with the 
complete enzyme system for 5 hours at 37°. 800 micromoles of pyruvic 
acid disappeared with the formation of 816 micromoles of a volatile acid 
which was identified as acetic acid by the formation of a blue color with 
lanthanum nitrate (30), by the distribution constant (29) between ether and 
water (85.4; 86.4 for control), and by the Duclaux constant (31) (6.8 to 
7.2; 6.8 to 7.4 tor control). 


SUMMARY 


Proteus vulgaris contains an enzyme which specifically catalyzes the oxi- 
dation of pyruvic acid to acetic acid and CO,.. For each molecule of pyru- 
vie acid oxidized, 1 atom of oxygen is consumed and 1 molecule of acetic 
acid and of CO, are formed. ‘The enzyme appears to be a complex consist- 
ing of (1) a specific protein, (2) diphosphothiamine, and (3) a bivalent metal, 
probably magnesium. As prepared, the enzyme is partially dissociated 
and requires the addition of both diphosphothiamine and an appropriate 
metal to attain maximum activity. 

The intact bacterial cell contains a phosphatase which can split diphos- 
phothiamine to thiamine. This phosphatase, although absent in the final 
preparation of pyruvic oxidase, may well account for the apparent dissoci- 
ation of diphosphothiamine from the enzyme. 

The pyruvic oxidases of Proteus vulgaris and Escherichia coli do not ap- 
pear to require inorganic phosphate for activity. Moreover, in the pres- 
ence of 0.1 M phosphate, acetyl phosphate is not formed as an intermediary. 
Pyrophosphate in 3.4 X 10~* m concentration inhibits the enzyme activity 
but this inhibition is reversed by 0.7 X 10-* m diphosphothiamine. 

The general properties of the enzyme are described. The enzyme is 
associated with macro particles which can be effectively sedimented in 
strong gravitational fields. 


The author is greatly indebted to Dr. D. E. Green for suggesting this 
problem, and for the guidance and encouragement he has given throughout 
the course of this research. He also wishes to express his thanks to Dr. S. 
Ratner and Dr. L. F. Leloir for much advice and assistance. 
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THE DETERMINATION OF 2,2-BIS(p-CHLOROPHENYL)-1 ,1,1- 
TRICHLOROETHANE (DDT) IN ORGANS AND BODY 
FLUIDS AFTER ORAL ADMINISTRATION 


By HENRY A. STIFF, Jr.,* anv JULIO C. CASTILLO 


(From the Chemistry Section, Antilles Department Medical Laboratory, United States 
Army) 


(Received for publication, April 23, 1945) 


The toxicity of the now widely used insecticide 2 ,2-bis(p-chloropheny])- 
1,1,1-trichloroethane (DDT) indicates the necessity for studies on the 
presence of this substance in the organs and body fluids after oral admin- 
istration. Smith and Stohlman (1), assuming that the compound is 
absorbed unchanged from the alimentary system, attempted such studies, 
basing their determinations on the organically bound chlorine content 
of the biological material under examination. 

In a recent publication (2) the authors described a colorimetric method for 
the determination of DDT based on the red color formed when this sub- 
stance is heated with xanthydrol and potassium hydroxide in an anhydrous 
pyridine solution. The reaction was shown to be sensitive to 10 y and to 
detect small differences in concentrations within a range of from 10 to 200 +. 

The present communication presents a comparison of the results of the 
xanthydrol-KOH-pyridine method of the authors and the sodium reduction 
method of Smith and Stohlman when applied to the determination of DDT 
in tissues and body fluids of rabbits after the oral administration of toxic 


doses. 


EXPERIMENTAL 


Dosage and Collection of Specimens—Four male rabbits, weighing about 
2 kilos each, were deprived of food overnight and then given 0.55 gm. of 
DDT per kilo in solution in olive oil by stomach tube. Food and water 
were again supplied and made available to the animals throughout the 
experiment. Blood samples were taken from the ear vein of each rabbit 
2, 4, 8, and 24 hours after dosing; the samples from the four rabbits were 
pooled according to the time of collection, making a total of four blood 
samples collected at the intervals specified. Urine was collected by 
catheterization at frequent intervals during the 48 hour period and all 
samples pooled. All feces were collected during the period of the ex- 
periment. At the end of 48 hours the animals were killed by exsanguina- 


* Captain, Sanitary Corps, Army of the United States. 
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tion from the carotid artery. The blood was pooled as the 48 hour sample 
The livers, kidneys, and bile from the animals were removed for analysig 

Extraction of Organic Chlorides and DDT—The method of extraction ¢ 
organic chlorides and DDT from the fluids and tissues was essentially the 
same as that used by Smith and Stohlman. Portions of blood, liver, kidney, 
bile, and feces were macerated with an equal weight of anhydrous sodiyg 
sulfate, dried in an oven at 90°, ground to a fine powder, and extracted ing 
Soxhlet apparatus with acetone. The urine was extracted with ether afte 
it had been acidified with acetic acid. 

Determination of Organically Bound Chlorine—A portion of the acetone 
extract from each fluid and tissue was evaporated to dryness on the steam 
bath and the organically bound chlorine determined by the method ¢ 
Smith and Stohlman. That is, the residue from the evaporated aceton 
extract was dissolved in hot absolute alcohol, treated with metallic sodium| 
made acid with nitric acid, decolorized with chloride-free charcoal, and the 
chloride determined by the Volhard method with m/35.46 silver nitrate in 
10 per cent nitric acid and M/35.46 potassium thiocyanate with ammonium 
ferric sulfate as the indicator. 

Determination of DDT—The remainder of the acetone extract, in ead 
case, was evaporated to dryness, the residue decolorized by heating on the 
steam bath with a few ml. of 30 per cent hydrogen peroxide, and agais 
evaporated to dryness. Any fats extracted were converted to soaps by 
treating the residue with alcoholic potassium hydroxide on the steam bath 
The dry residue was then macerated with anhydrous sodium sulfate and 
extracted with ether which was filtered into a volumetric flask and made 
up to volume. 

Portions of this ether solution were pipetted into test-tubes (16 X 1# 
mm.) and evaporated to dryness. To each tube were then added 2 ml. d 
the xanthydrol-KOH-pyridine reagent (2). Control tubes containing know 
amounts of DDT and a blank tube containing only the reagent were s# 
up in the same manner. All tubes were placed in an oil bath at 120° far 
8 minutes and then cooled by immersion in water for 1 minute. Th 
contents of the tubes were then diluted with 4 ml. of pure pyridine, mixed, 
and transferred to colorimeter tubes. 

A Hellige-Diller photoelectric colorimeter, model 400, equipped with 4 
green filter (520 mu) was used; the galvanometer was set at zero with! 
blank and readings on all tubes were taken. DDT was calculated from 





a standard color curve, the control tubes being used as checks. 

Recovery of Added DDT by Xanthydrol-KOH-Pyridine Method—To 
portions of the same organs and fluids analyzed above, DDT was added in 
amounts comparable to that calculated from the organically bound chlorine 
content as determined by the sodium reduction method. These organs ané 
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fluids were extracted as described and the DDT determined on the extract 
by the xanthydrol-KOH-pyridine method. In the recovery experimentsall 
blood samp!es were pooled and treated as one sample. 
TaBLe I 
DDT As Calculated from Organically Bound Chlorine Content and As Determined by 
Xanthydrol-KOH-Pyridine Method in Organs and Body Fluids of Rabbits after 
Oral Administration of 0.55 Gm. of DDT per Kilo 
~e.. Sodium reduction method DDT determined 
. " : by xanthydrol- 
Body fluid or tissue | Hrs. after dosing | : : OH-pyridi 
Chlorine (organic- | Calculated DDT method 
— mt 376" meg. per 100 mi. | mg. per 100 ml. mg. per 100 ml. 
or gm. or gm. or gm. 
Blood : 2 | 3.4 | 6.8 0.0 
o | 4 ae ee ue 0.0 
M“ 8 3.6 7.2 0.0 
mS. 24 3.9 7.8 0.0 
a 48 4.9 9.8 0.0 
Liver... 48 7.5 15.0 0.0 : 
Bile... 18 27.5 | 55.0 0.0 
Kidney 48 8.6 17.2 | 0.0 
Urine 2-48 4.7 9.4 0.0 
Feces... 2-48 308 .7 617.4 560.0 
Tas_e II 
Recovery of Added DDT from Organs and Body Fluid by 
Xanthydrol-KOH-Pyridine Method 
Body fluid or tissue DDTadded | DDTfound | Recovery 
| 
mg. per 100 ml. or gm. | mg. per 100 ml. or gm. per cent 
Blood 8.0 6.4 80 
Liver..... A 15.0 12.1 81 
Bile. . fee 50.0 36.5 73 
BC ss ces 0 : 17.0 16.0 | 94 
sad 10.0 8.5 85 
Results 
Table I gives the results of the two methods. DDT is calculated on 


the basis of the theoretical 50 per cent chlorine content. 
Table II gives the results of the recovery experiments on added DDT by 
the xanthydrol-KOH-pyridine reaction. 


DISCUSSION 


From the data presented it appears that DDT when administered orally 
is not absorbed in its unchanged state, but that other organic compounds 
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of chlorine are formed which are assimilated and can be detected in the 
organs and body fluids. That these organic chlorides do not normally | 
appear in the body fluids and tissues of animals was shown by Smith and | 
Stohlman and checked by the authors. It seems likely that the trang. | 
formation of DDT to other organic chlorides takes place in the alimentary | (Fr 
system and that only these organic chlorides are absorbed.' Further | 
studies are in progress at present on this aspect of the problem. 





SUMMARY " 


The compound 2,2-bis(p-chloropheny])-1,1,1-trichloroethane was pot | (1), 
detectable in the organs or body fluids of rabbits by the xanthydrol-KOH. 98 
pyridine method when toxic doses of this substance were administered orally In 





to these animals. rapl 
The presence of organic chlorides in these organs and body fluids after | tha 
oral administration of DDT was confirmed. heat 
disu 
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1 Since this work was completed, White and Sweeney (3) by use of an x-ray powder 

diffraction method have identified di(p-chloropheny]l)acetic acid in the urine of rab- The 
bits given DDT by oral administration. They succeeded in isolating this substance Pres 
from the urine and gave methods for preparing it from DDT. These investigator H. 
concluded from their experiments that DDT in its unchanged form, if present inthe | que 
urine at all, is present in amounts less than 5 mg. per 100 ml. The compound di(p- in at 
chlorophenyl)acetic acid prepared from DDT by the method of White and Sweeney 
does not give the xanthydrol-KOH-pyridine reaction. This serves to confirm our 
conclusion that DDT is not present as such in the organs and body fluids after oral , "m0 
administration but is present in the form of a metabolite containing organically TI 
bound chlorine. whic 
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The oxidation of reduced glutathione was first studied by Hopkins 
(1), who showed that this substance in a neutral aqueous solution rapidly 
absorbed oxygen, becoming converted to the oxidized or disulfide form. 
In the presence of animal tissue preparations, this disulfide form was 
rapidly reduced to the sulfhydryl form. Hopkins and Dixon (2) showed 
that this reduction was due in part to factors which are not destroyed by 

' heating the tissue to 100°. It was postulated that the reduction of the 
disulfide group by such “thermostable preparations” was due to “fixed 
—SH groups;”’ 7.e., sulfhydryl groups which were not soluble in water and 
which were unable to react directly with oxygen. The “thermostable 
system” was later studied in greater detail by Hopkins (3), who showed . 
that the amount of oxygen taken up by the system amounted to several 
times the equivalent of the —SH groups originally present as glutathione. 
The extra oxygen taken up was accounted for by oxidation of the proteins 
present. 

Harrison (4) showed that the apparent autoxidation of glutathione was 
due to traces of catalytic metals present as impurities. He showed that 
in absolutely metal-free solutions glutathione was oxidized only very slowly 
and that on the addition of a trace of a catalytic metal such as copper, an 
immediate and rapid oxidation resulted. 

ly These early investigations were all done with preparations of glutathione 

which were not crystalline and which contained considerable impurities. 

Hopkins (5) reinvestigated this impure substance and succeeded in finding 

a method for the isolation of pure crystalline glutathione. Meldrum and 

Dixon (6), using this pure preparation of Hopkins’, reinvestigated the 
: properties of glutathione and found significant differences in behavior from 

the impure preparations. They found that solutions of crystalline gluta- 

thione are not appreciably autoxidizable even on the addition of iron. 

_ They attributed the autoxidation of glutathione to the presence of two 
cofactors, present in traces as impurities in the early glutathione prep- 
arations; namely, iron (or copper) and some substance able to form cata- 
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* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. These studies were aided by a grant from the Rockefeller Founda- 
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lytically active complexes with metals. Crystalline gltitathione, unlike 
the earlier preparations, produced no oxygen uptake when added ty 
“thermostable tissue preparations.’”’ When the disulfide form was added 
to the tissue, it was reduced but no oxygen uptake resulted. The oxidation 
of glutathione was also inhibited by fresh washed muscle. They showed 
that free cysteine closely resembled the properties of the catalytic impurity 
in the glutathione, but that the catalytic substance was probably not 
cysteine itself. 


Keilin (7) showed that cysteine is very rapidly oxidized by the eyto 


chrome-cytochrome oxidase system, with uptake of oxygen, and it might 
be expected that glutathione would be oxidized by the same system 
Keilin stated, however, in the article by Meldrum and Dixon (6), that 
“erystalline glutathione is not oxidized by this system” and that it 
“reduces cytochrome only with extreme slowness.’’ On the other hand, 
Stotz et al. (8) reported that “glutathione did not require the presence of 
ascorbic acid to be oxidized rapidly by the cytochrome-indophenol oxidase 
system” but did not amplify this statement or give any experimental 
data. 

Lyman and Barron (9) could not confirm the reports (6, 10) that hematin 
was not an effective catalyst for the oxidation of crystalline glutathione, 
On the contrary, they indicated that glutathione solutions were readily 
oxidized in the presence of copper, hemin, or hemochromogens. 

In this contribution, the oxidation of glutathione is investigated in 
greater detail. We will attempt to show that glutathione is oxidized by 
an enzymatic system involving cytochrome c. This observation throws 
considerable light on the results obtained by previous workers and shows 
how glutathione may function in biological oxidation-reduction systems. 


Methods 

White mice of an inbred Swiss strain were used and, after weaning, wer 
maintained on stock ration' and water ad libitum plus occasional greens. 
A tissue homogenate of mouse kidney was prepared by the technique d 
Potter and Elvehjem (11), modified as previously described (12, 13). 
The unbroken cells and heavier cell fragments were removed by centrifugs 
tion at about 2500 r.p.m. in an angle head centrifuge for 5 minutes and 
the resulting supernatant is referred to as a ‘‘cell-free preparation.” These 
cell-free preparations were used immediately in order to minimize enzym 
inactivation occurring in the very dilute protein solutions (14). 

A conventional Warburg apparatus at 37° was used in all experimental 
and analytical work. The pH was determined in all cases with a Beckman 


1 B-B Laboratory Rabbit Diet, Maritime Milling Company, Inc., Buffalo, New 
York. 
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pH meter (glass electrode). A summary of the components of the final 
reaction mixture is as follows: 0.4 ml. of 0.25 m potassium phosphate buffer 
(pH 7.6), 0.1 ml. of 1.4 X 10-* m cytochrome c, the desired amount of cell- 
free preparation, solution of glutathione, and redistilled water to make 
30 ml. The gas phase was air, and 0.2 ml. of 10 per cent KOH and a 
small strip of filter paper were placed in the center well to absorb CO.. 
The pH of this final reaction mixture was 7.6, as determined electro- 


, metrically. The glutathione solution was always placed in a side arm and 


added to the mixture of the other components after equilibration of the 
flask contents had taken place. 

Pure crystalline glutathione was obtained from the Eastman Kodak 
Company and was not purified further. The autoxidation of this prep- 
aration in glass-redistilled water was comparable with that observed by 
Meldrum and Dixon (6) for their purest preparations, and further purifica- 
tion was deemed unnecessary. Glutathione solutions were prepared in 
glass-redistilled water and were neutralized just before addition to the side 
arm of the reaction vessel. For comparative purposes a sample of crystal- 
line glutathione from the B. L. Lemke Company was secured and was 
shown to be enzymatically oxidized at the same rate as the Eastman Kodak 


-| Company product. 


The cytochrome c was prepared in these laboratories from beef heart by 


| the method of Keilin and Hartree (15) and had been dialyzed against glass- 





redistilled water. Two samples of cytochrome c, which had been isolated 
in another laboratory,? were compared at similar levels with our preparation 
and shown to give identical results. 


EXPERIMENTAL 


During the course of some experiments in which attempts were made to 
place glutathione in carbohydrate metabolism as a coenzyme, it was ob- 
served that, in the presence of numerous added cofactors, tissue homo- 
genates had the ability to oxidize reduced glutathione rapidly and com- 
pletely. Determination of the particular components of the system which 
would oxidize reduced glutathione resulted in the isolation of a system in 
which cytochrome c was a necessary component. The results of a pre- 
liminary experiment plotted in Fig. 1 serve to illustrate this point. Curve 
I shows the slow autoxidation of reduced glutathione in neutral aqueous 
solution containing only phosphate buffer. The rate of oxygen uptake was 
comparable with that observed by previous investigators (6) for pure 
crystalline glutathione. Cytochrome c alone had no effect on this low 


*? Appreciation is expressed to Professor Van R. Potter of the McArdle Memorial 
Laboratory who kindly placed samples of two different preparations of cytochrome 
¢ at our disposal. 
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rate of oxygen uptake, showing that it did not affect the autoxidation g 
glutathione as was reported for hemin and hemochromogens by Lymay 
and Barron (9). Both Curves I and II are characterized by a considerabk 
induction period before the slow autoxidation starts. Curve III shows the 
effect of adding a cell-free preparation of mouse kidney with no addition ¢ 
cytochrome c. After an initial induction period of 40 to 50 minutes, during 
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Fic. 1. Effect of cytochrome c, copper, and tissue preparations on glutathione ox- 
dation. Curve I, buffer only; Curve II, buffer and cytochrome c (identical with 
Curve I); Curve III, buffer and cell-frée tisst preparation; Curve IV, buffer, eyto- 
chrome c, and cell-free tissue preparation; Curve V, buffer and cupric ion. Redueed 
glutathione was present in all cases at a level of 3 mg. per flask (equivalent to a total 
oxygen uptake of 64c¢.mm.). Other final concentrations were buffer, m/30 potassium 
phosphate (pH 7.6); cytochrome c 4.7 X 10~* m; cell-free tissue preparation represent- 
ing 20 mg. wet weight of mouse kidney (dry weight of about 4 mg.) ; and cupric sulfate 
10-*m. Redistilled water was added to make a total volume of 3.0 ml. The tissue 
preparation was added, the flasks equilibrated, and the glutathione solution was 
added at zero time from the side arm. 


which the rate was more rapid than when no tissue was added, the rat 
increased abruptly and was linear with time until the reduced glutathione 
was exhausted. When both cytochrome c and cell-free preparation wert 
added in amounts corresponding to Curves II and III, respectively, # 
immediate rapid uptake was observed which was linear with time until the 
substrate was exhausted. The slope of this curve is the same as that plotted 
in Curve V, which represents the copper-catalyzed autoxidation of glute 
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thione. Note that the maximum value of oxygen uptake is greater when 
tissue is present than in its absence. The extra oxygen was probably due 
to either oxidation of tissue protein or metabolism of miscellaneous sub- 
strates in the cell-free extract. 

From this experiment it was evident that cytochrome c was functioning 
with some enzyme in the tissue, by definition cytochrome oxidase, to oxidize 
reduced glutathione. Cytochrome c may be directly concerned in the 


, oxidation of reduced glutathione or it may be acting in a system metab- 


olizing some intermediate which itself is oxidizing glutathione. 

When iron was added as ferric ion, glutathione was not autoxidized more 
rapidly, thus confirming the previous observations of Meldrum and 
Dixon (6). This renders invalid the possibility that cytochrome c is 
acting by means of the catalytic action of iron liberated from it by action 
of the tissue. 

It has been observed (6) that the complex formed between cysteine and 
copper has the property of catalyzing the oxidation of reduced gluta- 
thione by oxygen. ‘The possibility that cytochrome c is acting by catalyz- 
ing the hydrolysis of glutathione to yield cysteine, which would unite with 
available copper to catalyze the oxidation of glutathione, has been con- 
sidered. This mechanism has been discarded, since it would imply that 
cytochrome c was functioning as an activator of a proteolytic enzyme, a 
concept not supported by the observed data. ; 

Tissue Concentration—An investigation of the glutathione oxidase system 


_ was undertaken to see whether the rate was proportional to the concentra- 


tion of the specific enzyme.* The results plotted in Fig. 2 show that the rate 
is a function of the enzyme concentration under the given conditions only 
when 2 mg. or less of tissue on a wet wejght basis are added. An increase 
in tissue level above this value exhibited no increase in the rate of oxidation, 
indicating that some factor other than enzyme concentration was limiting 
(in this case, probably cytochrome c). 

The maximum oxygen uptake at all tissue levels below 2 mg. could be 
accounted for by the amount of reduced glutathione added. Generally 
when 3 mg. of glutathione were added per flask, there was no further 
oxygen uptake after 5 hours, even when no tissue preparation was added. 
However, when more than 2 mg. of tissue were added, the maximum oxygen 
uptake was considerably in excess of that which could be accounted for by 
the oxidation of added glutathione. This was probably due either to an 
oxidation of the free —SH groups in the protein as proposed by Hopkins 
(5) or perhaps to an oxidation of substrates previously shown to be present 
in tissue homogenates (12). 

This system was active at very low levels of tissue concentration. The 
lowest level plotted indicates considerable increase in rate over that 








554 ENZYMATIC OXIDATION OF GLUTATHIONE 


obtained with no tissue and represents a concentration of about 0.02 

dry weight of tissue per flask. The extremely low tissue levels in whiet 
this system is active tend to eliminate the possibility that the oxidation ¢ 
glutathione proceeds via some intermediate substrate present in the 
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Fic. 2. Effect of tissue level on glutathione oxidation with added cytochromes. 
Curve I, buffer only or buffer and 4.7 X 10-* m cytochrome c, 3 mg. of glutathione; 
Curve II, buffer, 3 mg. of glutathione, 4.7 X 10-* m cytochrome c, and cell-free tissu 
preparation representing 0.1 mg. wet weight of mouse kidney (dry weight of about 
0.02 mg.) ; Curve III, same as Curve II, except 0.4 mg. of the above tissue preparation 
(wet weight); Curve IV, same as Curve II, except 1.0 mg. of tissue; Curve V, same # 
Curve II, except 2.0 mg. of tissue; Curve VI, same as Curve II, except 20.0 mg. d 
tissue; Curve VII, same as Curve II, except 100 mg. of tissue. Conditions no 
specified are the same as summarized in the legend of Fig. 1. 


homogenate which is oxidized by the cytochrome c-cytochrome oxida® 
system. 

When the Qo, values of the curves in Fig. 2 were plotted against tissue 
concentration, an inverse dilution effect resulted; that is, the Qo, wi 
higher at lower tissue concentrations than at higher tissue concentrations 
This effect had previously been noted by Schneider and Potter (16) for 
the cytochrome oxidase system with ascorbic acid as the substrate. They 
considered the uptake at zero tissue concentration (obtained by extt® 
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polation of values obtained at three or more tissue concentrations) to be a 
measure of the substrate autoxidation and subtracted this value from the 
uptake at all tissue levels. When this was done with the present system, 
a value was obtained for the uptake at zero tissue concentration which was 
considerably in excess of the value obtained experimentally with no tissue 
present. This perhaps indicates that the inverse dilution effect. still 
observed after subtracting the experimentally obtained autoxidation at 
zero tissue concentration is due to secondary factors as yet not evaluated. 

Cytochrome c Concentration—Since the effect of tissue level on the oxida- 
tion of glutathione had been determined, the effect of varying another factor 
in the system, cytochrome c, was investigated. A level of tissue was 
selected within the range in which tissue concentration was proportional 
to the rate of oxygen uptake. In this range it had been previously assumed 
that the concentration of cytochrome c was not limiting and this assump- 
tion needed confirmation. The amount of added cytochrome c per flask 
varied from 2.3 X 10-' m to 4.7 X 10~-'°, as shown in Fig. 3. An increase 
in Qo, With an increase in cytochrome c concentration over that previously 
used at this tissue level was not observed, and a decrease in Qo, was evident 
if the cytochrome c level were decreased. The lower levels of added 
cytochrome c exhibited no effect over the oxidation achieved by cell-free 
preparation alone, indicating that the cell-free preparation was probably 
adding enough cytochrome c to raise the level of cytochrome c to a con- 
centration of about 10~* m. 

Curve VI of Fig. 3 indicates that the enzyme is saturated with cyto- 
chrome c at the level of 4.7 X 10-* m when a cell-free preparation represent- 
ing 1 mg. of mouse kidney homogenate is used. Schneider and Potter 
(16), with ascorbic acid as the substrate of their cytochrome oxidase assay 
system, reported a saturation level of 7 X 10-° M cytochrome c for 5 mg. of 
fresh rat liver, a level which can be compared with the value recorded above. 

Glutathione Concentration—In order to devise an assay method to de- 
termine the concentration of the glutathione oxidase system, the enzyme 
must be saturated with the substrate. The experiments plotted in Fig. 
4indicate the results obtained with several different amounts of glutathione 
added to a system in which both tissue and cytochrome c had previously 
been shown to be non-limiting. When both tissue and cytochrome c were 
present, the maximum oxygen uptake was a linear function of the amount 
of glutathione added but the rate of oxygen uptake, a direct function, 
asymptotically approached a maximum slope. In the absence of tissue, 
ie., autoxidation of glutathione in the presence of cytochrome c, the 
maximum oxygen uptake was again a linear function of the glutathione 
concentration. However, in contrast to the results obtained when tissue 
was added, the slope in this case was also a linear function of the substrate 
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added. At the same glutathione concentration, both curves attained the 
same maximum value, but the one representing only autoxidation did g \ 
much more slowly. A maximum Qo, of 418 was obtained when the gluta. 
thione concentration was 9 X 10-*M, this value being corrected for the 
autoxidation of glutathione at zero tissue concentration, as determined 
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Fic. 3. Effect of added cytochrome c on enzymatic oxidation of glutathione. 
Curve I, buffer only or buffer and 4.7 X 10-* m cytochrome c, 3 mg. of glutathione; 
Curve II, buffer, 3 mg. of glutathione, and cell-free tissue preparation representing 
1.0 mg. wet weight of mouse kidney (dry weight of about 0.2 mg.), no cytochrome¢ 
added; Curve III, buffer, 3 mg. of glutathione, and tissue preparation as above; con- 
centration of added cytochrome c in reaction mixture of either 4.7 K 107! m or 47 
< 10-* m (identical with Curve II); Curve IV, same as Curve III, except 4.7 X 10° 
m cytochrome c; Curve V, same as Curve III, except 4.7 X 10~’ m cytochrome ¢; 
Curve VI, same as Curve III, except 4.7 X 10-* m cytochrome c; Curve VII, same a 
Curve III, except 2.3 X 10-° m cytochrome c (identical with Curve VI). Conditions 
not specified are the same as summarized in the legend of Fig. 1. 


experimentally. This Qo, value can be compared with the Qo, of 6% 
reported by Schneider and Potter (16) for the cytochrome oxidase system 
from rat kidney with ascorbic acid as substrate. 

Inhibitors—If the oxidation of reduced glutathione were enzymatic it 
nature, the enzyme should be inactivated by heat. An experiment was 
performed in which a 10 per cent homogenate was heated to 85° for 5 mil- 
utes, then centrifuged and decanted, as previously described, to obtain 
a cell-free preparation. This preparation proved to be 100 per cent i 
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activated,’ indicating that some component of the system was destroyed 


A number of chemical inhibitors were tried, both to determine what 
substances inhibited the system and to ascertain if possible the nature of 
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Fig. 4. Effect of glutathione concentration on its enzymatic and non-enzymatic 
oxidation. Curve I, buffer only or buffer and 4.7 X 10~* m cytochrome c, glutathione 
concentration of 0.9 X 10-* m (1 mg. per reaction flask); Curve II, buffer, cytochrome 
¢, cell-free tissue preparation representing 2.0 mg. wet weight of mouse kidney (dry 
weight of about 0.4 mg.), glutathione as in Curve I; Curve III, same as Curve I, ex- 
cept glutathione concentration 2.7 X 10-* m; Curve IV, same as Curve II, except 
glutathione concentration 2.7 X 10-* m; Curve V, same as Curve I, except glutathione 
concentration 4.5 X 10-* m; Curve VI, same as Curve II, except glutathione concen- 
tration 4.5 X 10-* m; Curve VII, same as Curve II, except glutathione concentration 
9 X 10°? m; Curve VIII, same as Curve II, except glutathione concentration 18 X 
10*mu. Conditions not specified are the same as summarized in the legend of Fig. 1. 





the enzyme concerned. The data of Table I indicate the approximate 
inhibitions obtained. Since there were numerous complicating secondary 
factors to be controlled in determining the degree of inhibition (12) and 


*The components of the reaction mixture were the same as summarized in Table 
I, except that an amount of cell-free preparation representing 1 mg. of mouse kidney 
previously treated as described in the text was added. 
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since only a qualitative comparison was desired, only an approximate valy 
of the per cent inhibition was recorded. Inspection of the data indicates 
that those substances which caused marked inhibition were those which 
are known to react with copper ;namely, cyanide and diethyldithiocarbamate 


TaBie I 
Effect of Inhibitors on Enzymatic Oxidation of Glutathione 


————$——————— 





Approximate per cent 








Inhibitor Concentration inhibition 
M 
Azide.... | 0.002 4 
Cyanide 0.002 | 100+ 
0.0002 100 
0.00002 40 
a,a’-Dipyridyl........ 0.002 40 
Diethyldithiocarbamate 0.002 100 
0.0002 100 
0.00002 28 
Hydroxylamine..... — 0.002 8 
lodoacetate..... b exe 0.002 100+ 
0.0002 32 
0.00002 3 
Thioglycolate......... - li 0.002 30 





Constituents were added to the reaction flask as follows: 0.4 ml. of 0.25 m potas- 
sium phosphate buffer (pH 7.6), 0.1 ml. of 1.4 X 10°‘ m cytochrome c, 0.3 ml. of al 
mg. per ml. solution of reduced glutathione (neutralized with sodium hydroxide to 
pH 7.6) placed in side arm, solution of inhibitor (pH 7.6) to yield the concentration 
indicated, and redistilled water to make 2.8 ml. 0.2 ml. of a 1 per cent cell-free 
preparation of mouse kidney homogenate was added, the flask equilibrated, and the 
glutathione solution added from the side arm at zero time. The tissue was in contact 
with the inhibitor about 12 minutes before the glutathione was added. 

In all the inhibitor studies, the KOH solution in the center well was eliminated to 
prevent changes in the concentration of such inhibitors as azide and cyanide. Suit- 
able control flasks showed that the absence of the KOH had no effect on either the 
Qo, or the total oxygen uptake. 

The degree of inhibition was calculated from Qo, values, each experiment having 
its set of controls. An inhibition of 100+ per cent indicates that not only the 
enzymatic oxidation of glutathione was inhibited but also the buffer-catalyzed non- 
enzymatic oxidation. 


Iodoacetate, which also caused marked inhibition, was presumed to react 
with the sulfhydryl group of glutathione and so reduce the substrate con- 
centration. On the other hand the “iron reagents” such as thioglycolate, 
a,a’-dipyridyl, and hydroxylamine did not exhibit marked inhibition of 
the glutathione oxidation system. Sodium azide, contrary to expectation, 
showed little or no inhibition when present in 0.002 m concentration. 
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The results of these preliminary inhibitor studies indicate that the 
glutathione oxidase system involves a heat-labile enzyme and that in all 
probability this enzyme is a copper-protein. 


DISCUSSION 


When Hopkins (1) discovered glutathione, he considered that he had 
isolated one of the catalysts of cellular oxidations. Even though it was 
relatively inert to molecular oxygen and therefore could not act in a 
terminal oxidase system, this concept continued until it was eventually 
overshadowed by Keilin’s isolation of the cytochrome c-cytochrome oxidase 
system. 

The réle which has been ascribed to glutathione by Lyman and Barron 
(9) is to maintain the intensity level of reduction and in this manner to 
regulate the rate of reversible oxidation-reduction reactions. Barron and 
Singer (17-19) later modified this general concept by stating that glutathione 
functions by maintaining the activity of enzyme systems containing essen- 
tial —SH groups in their protein moiety. This concept of glutathione 
action is rather limited and tends to ignore any possibility of its acting as 
an intermediate ‘‘coenzyme”’ in oxidation-reduction systems. 

Hopkins (1) showed very early in his glutathione studies that oxidized 
glutathione was reduced by tissue preparations. Hopkins and Elliott 
(20), using crystalline glutathione, were able to repeat this earlier work. 
Mann (21) reported the reduction of glutathione during the oxidation of 
glucose in the presence of “glucose dehydrogenase,’”’ and Meldrum and 
Tarr (22) reported its reduction by hexose monophosphate in the presence 
of Warburg and Christian’s ‘‘enzyme”’ and ‘‘coenzyme’”’ systems. Potter 
(23) showed that glutathione exerted a marked effect on pyruvate oxidation 
in a reconstructed enzyme system with cell-free tissue extracts. It is 
evident that glutathione can be readily reduced by enzyme systems, but a 
specific method for its enzymatic oxidation by tissues has previously been 
lacking (24). 

As a result of our observations that reduced glutathione (GSH) can be 
oxidized (GSSG) by a cell-free tissue preparation when cytochrome c is 
added, we can propose that glutathione is oxidized via the following mech- 
anism. 


GSH cytochrome c Fe** HO 
LL —— + —— FF 


3GSSG_s cytochrome c Fe*** 40, 





Except for the results of inhibitor studies, which indicate that a copper- 
containing enzyme is an integral component of this system, this mechanism 
is strongly supported by the observed data. Cytochrome oxidase is by 











560 ENZYMATIC OXIDATION OF GLUTATHIONE 


definition necessary to catalyze the oxidation of reduced cytochrome ¢ by 
molecular oxygen and is generally considered to be an iron-protein enzyme, 
In addition cytochrome oxidase has been frequently cited as being strongly 
inhibited by azide (25), but this system showed little inhibition at 
relatively high concentration of azide. The implications of this obser. 
vation are not yet fully understood and on consideration of the strong 
supporting evidence the above mechanism is postulated to be correct. 

In addition we suggest that glutathione can function as a coenzyme in 
an oxidation-reduction system. Mechanisms for both the oxidation and 
reduction of glutathione by enzymes have now been observed in tissue 
preparations. The additional oxygen uptake observed when more than 
2 mg. of tissue are added to the reaction flask is readily explained by oxida- 
tion of the free —SH groups in the tissue protein. Oxidized glutathione 
is reduced by the free —SH groups and the reduced glutathione formed is 
reoxidized via the above mechanism. Glutathione is thus acting as 4 
coenzyme in the system involving the oxidation by molecular oxygen of 
fixed sulfhydryl groups in the cell-free tissue preparation. 

Whether a specific enzyme functions between glutathione and cyto- 
chrome c is a question for which preliminary data only have been obtained. 
The reduction of cytochrome c by reduced glutathione proceeds much more 
rapidly in the presence of cyanide-inhibited tissue homogenate than when 
no tissue is present. Cyanide-inhibited tissue homogenate will reduce 
cytochrome c in the absence of glutathione, but at a much slower rate and 
not as completely as when glutathione is present. These data may be 
interpreted as indicating the possibility of an enzyme catalyzing the 
reaction between oxidized cytochrome c and reduced glutathione; iz., 
glutathione dehydrogenase. In addition, comparison of this investigation 
with that of Keilin (7), who did not obtain any enzymatic oxidation, in- 
dicates certain probable differences. No experimental data were given to 
substantiate Keilin’s conclusions, but presumably he used a semipurified 
indophenol oxidase preparation. In this work a tissue preparation con- 
taining many enzymes was used and herein may lie a difference; his prep- 
arations may not have contained a hypothetical enzyme functioning be- 
tween glutathione and cytochrome c. 

The oxidation of glutathione through the intermediary action of cyte 
chrome c serves to explain the anomalous results of Hopkins and associates. 
The “thermostable tissue preparations’? may have had free sulfhydryl 
groups present which would reduce any oxidized glutathione added, but the 
enzymatic systems for the oxidation of reduced glutathione may have been 
destroyed. Hence, with pure crystalline glutathione, oxidized glutathione 
would be reduced but no oxygen uptake would result. However, when 
impure glutathione was added to “thermostable preparations,” enough 
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impurities (presumably cysteine) may have been present to form cat- 
alytically active complexes with copper as postulated by Meldrum and 
Dixon (6). Thus the glutathione would be oxidized and, on being simul- 
taneously reduced by the free —SH groups in the tissue preparation, would 
take up oxygen until the reducing groups were all oxidized. Observations 
with washed muscle tissue can be explained in a similar fashion. Washing 
the tissue effectively would remove cytochrome c, so that even though the 
enzymes were probably active, no oxygen uptake would result on addition 
of pure glutathione. The free —SH groups, however, again would reduce 
the oxidized glutathione. Impure glutathione, by itself being catalytically 
oxidized, might function asan intermediate between the free —SH groups of 
the washed muscle preparation and molecular oxygen. If it were being 
simultaneously oxidized and reduced as described in this system, gluta- 
thione would be functioning as a coenzyme in the oxidation of fixed —SH 
groups by molecular oxygen. 


SUMMARY 


1. Reduced glutathione can be oxidized by an enzymatic system in- 
volving cytochrome c, which has been found in cell-free preparations of 
mouse kidney homogenates. 

2. The effects of tissue concentration, cytochrome c concentration, and 
glutathione concentration on this system are reported. 

3. The glutathione oxidase system is strongly inhibited by heat, cyanide, 
diethyldithiocarbamate, and iodoacetate, is weakly inhibited by a,a’- 
dipyridyl, and thioglycolate, and is not inhibited by azide and hydrox- 
ylamine. 

4. Glutathione is postulated to act as a coenzyme in certain systems 
involving the oxidation by molecular oxygen of fixed sulfhydryl groups 
occurring in tissue preparations. 
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GUANINE AS A COENZYME IN ENZYMATIC 
TRANSPHOSPHORYLATION 


Sirs: 


It has been reported! that both dihydrocozymase and inorganic phos- 
phate are necessary for the following reactions in rat muscle extracts. 


(1) Glucose + adenosine triphosphate 
— glucose-6-phosphate + adenosine diphosphate 


(2) Fructose-6-phosphate + adenosine triphosphate 
— fructose-1,6-diphosphate + adenosine diphosphate 


The phosphate has now been found necessary for the formation of guanine 
from a precursor present in dialyzed extracts, by a reaction which is 
apparently analogous to the new type of phosphorolysis recently described 
by Kalckar.* 


(3) Purine-riboside + phosphate — purine + ribose-1-phosphate 


When aqueous extracts of acetone-dried or fresh rat muscle are dialyzed 
against saline for 10 to 20 hours, the addition of sodium phosphate (0.005 
M) is sufficient for reactivation, since dihydrocozymase is not removed by 
this procedure. The reactivation by phosphate occurs after a lag period 
of 5 to 30 minutes (Fig. 1) and is completely prevented by iodoacetate 
(0.002 m). 

After incubation of a dialyzed extract with phosphate, a substance can 
be isolated which causes reactivation of dialyzed extracts in the absence 
of inorganic phosphate. This substance, which can also be obtained 
from boiled muscle juice or by acid hydrolysis of ribo- or desoxyribo- 
nucleic acid, acts immediately, with no lag period (Fig. 1), and its effect is 
not abolished by iodoacetate (Fig. 2). Of the two purines freed on mild 
acid hydrolysis of nucleic acid, adenine was without effect, while 10-° m 
guanine hydrochloride (Eastman) caused full reactivation (Fig. 2). 

The active substance formed on incubation of a dialyzed extract with 


‘Price, W. H., and Colowick, 8. P., Federation Proc., 4, 100 (1945). 
* Kalekar, H. M., J. Biol. Chem., 168, 723 (1945). 
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phosphate is precipitated by the purine precipitant, CuSO.-NaHSo, 
The activity of the precipitated material is that to be expected from its 
guanine content (Fig. 2), as determined either colorimetrically* or from 
light absorption measurements at 250 mu. Phosphate is necessary for, 
and iodoacetate inhibits, the appearance of the active substance and also 
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Fic. 1. Effect of phosphate and ‘“‘factor’’ on Reaction 1. Manometric measure- 
ment as described previously,‘ but without addition of iodoacetate. Additions 
marked on curves, tipped in from side arm at zero time. ‘‘Factor’’ prepared from 
boiled juice of rat muscle by concentrating supernatant fluid from precipitation of 
Ba salts with 80 per cent alcohol. The amount added was that obtained from 1 gm. 
of muscle. 

Fia. 2. Effect of “factor’’ and guanine on Reaction 1. 0.002 m iodoacetate pre- 
sent. ‘Factor’ prepared by incubation of dialyzed extract with phosphate, con- 
centration of the deproteinized solution, and precipitation with CuSO,-NaHSs0, 
reagent. Concentration calculated from guanine estimation (see the text). 


the appearance of the color test and absorption band characteristic of 


guanine. 
It appears that both dihydrocozymase and guanine are essential coen- 


zymes for Reactions 1 and 2. 
It is a pleasure to thank Professor C. F. Cori for his suggestions during 


the course of this work. 
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3 Hitchings, G. H., J. Biol. Chem., 189, 843 (1941). 
4 Colowick, 8S. P., and Price, W. H., J. Biol. Chem., 157, 415 (1945). 
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ISOLATION AND CRYSTALLIZATION OF d-GLYCERALDEHYDE 
3-PHOSPHA TE DEHYDROGENASE FROM RABBIT MUSCLE 


Sirs: 


The method for the preparation of this enzyme which is described below 
requires only a few steps, the yield is nearly quantitative, and after 
recrystallization the protein is homogeneous in the Tiselius apparatus. 

The muscles of one rabbit, killed by intravenous injection of amytal, 
are rapidly excised and passed twice through a meat grinder. All steps 
are carried out in a cold room at 5°. The ground muscles are extracted 
twice with 1 volume of 0.03 n KOH and filtered through gauze. The pH 
of the combined extract is between 6.7 and 7.0. Ammoniacal ammonium 
sulfate solution (20 to 25 cc. of ammonium hydroxide, sp. gr. 0.90, to 1 
liter of saturated ammonium sulfate solution, pH about 8.4) is added to 52 
per cent saturation. The precipitate is filtered off. To the clear filtrate 
are added 13 gm. of solid ammonium sulfate per 100 cc., which brings the 
saturation to 72 per cent (sp. gr. 1.188). The precipitate is filtered off. 
Crystals appear overnight in the originally clear filtrate and continue to 
form for several days. The crystals are arranged in rosettes made up of 
diamond-shaped plates which stand on edge. The protein can be recrystal- 
lized from 66 per cent saturated ammoniacal ammonium sulfate solution. 
The crystals then appear singly rather than in rosettes. The yield of 
erystals is very high. An example is given below. 

590 gm. of rabbit muscles yielded 950 cc. of extract containing 16.5 
gm. of protein. After the precipitates which formed at 52 and 72 per cent 
saturation had been removed, the filtrate measured 1900 cc. and contained 
3.27 gm. of protein. Of this amount 1.14 gm. were obtained as the crystal- 
line enzyme. This is equivalent to 7 per cent of the extracted proteins 
or to 0.19 gm. per 100 gm. of muscle. 

Activity measurements were carried out as described by Warburg and 
Christian! for the crystalline yeast enzyme, except that cysteine was 
added ; a reducing agent is necessary for full activity of the muscle enzyme. 
In the following experiment the composition of the reaction mixture (in 
moles per cc.) was as follows: cozymase and dl-glyceraldehyde phosphate 
(as the d form) each 2.5 X 10-7, sodium arsenate 5.7 X 10-*, sodium 
pyrophosphate 3 X 10-°, cysteine 3.6 X 10°, enzyme protein (5 times 
recrystallized) 0.003 mg. per cc., pH 8.5, temperature 25°. Readings were 
made in a quartz cell in the Beckman spectrophotometer at 340 mu 
against a cell set at 100 per cent transmission which contained all the 


' Warburg, O., and Christian, W., Biochem. Z., 303, 40 (1939-40). 
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reactants except the enzyme. The reaction was started by the addition 
of triose phosphate. The time required for half reaction, calculated from 
1/K a, where K is the bimolecular rate constant and a is the initial ep. 
centration, was 2.3 minutes. Because of the need of a reducing agent the 
exact conditions for optimal activity of d-glyceraldehyde dehydrogenag 
from muscle have not yet been established. The values for the rate 
constant so far obtained are of the same order of magnitude as those given 
for the yeast enzyme.’ 

We wish to thank Dr. H. O. L. Fischer for a generous gift of dl-gly. 
ceraldehyde phosphate prepared by Dr. Lardy. 
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THE UTILIZATION OF GLYCINE FOR THE SYNTHESIS OF 
A PORPHYRIN 


Sirs: 

It is known that porphyrin can be synthesized by the animal. The 
nature of the precursors employed for the formation of the protoporphyrin 
of hemoglobin has been the subject of much speculation.' This report 
presents evidence for the direct utilization of glycine for the formation of 
the pyrrole rings of protoporphyrin in humans. 

One of us consumed, over a period of 3 days, 66 gm. of glycine containing 
32.4 atom per cent excess N™ in addition to the usual diet. Samples of 
hemin were prepared from blood samples taken after 4, 18, 77, 86, and 99 
days from the start of the experiment; the N™ concentration of these was 
0.134, 0.422, 0.466, 0.460, and 0.445 atom per cent excess respectively. By 
interpolation it is estimated that the isotope concentration in the porphyrin 
reached a maximum value of 0.52 atom per cent excess 30 days after the 
start of the experiment. At this time the isotope concentration of the 
plasma proteins had declined from a maximum value of 0.39 atom per 
cent excess N"“ attained on the 4th day of the experiment to 0.13 atom 
per cent excess. 

From the isotope concentrations of the hemin of the 77th, 86th, and 99th 
days we estimate that the average life time of the protoporphyrin is more 
than 100 days. A more precise value for the average life time can be ob- 
tained only after many months. From the approximate value of the 
average life time it can be estimated that in 18 days about 20 per cent 
of the porphyrin was newly synthesized. Since the porphyrin at this 
time contained 0.42 atom per cent excess N°, the newly formed porphyrin 
which contains the N** must have an average N"™ concentration of 1 
atom per cent excess; its nitrogenous precursor must therefore have had 
the same average N“ concentration. The only substance that could have 
had an average value of about 2 per cent N™ during the first 18 days is the 
glycine of dietary origin. Previous experiments from this laboratory in 
which leucine? and ammonia* labeled by N® were fed to rats gave no 
indication that these substances were directly concerned with porphyrin 


. synthesis. 


' Abderhalden, E., Lehrbuch der physiologischen Chemie, Berlin and Vienna, 
744 (1909). Lusk, G., The elements of the science of nutrition, Philadelphia and 
London, 4th edition, 244 (1928). 

* Schoenheimer, R., Ratner, S., and Rittenberg, D., J. Biol. Chem., 130, 703 (1939). 

*Rittenberg, D., Schoenheimer, R., and Keston, A. S., J. Biol. Chem., 128, 603 
(1939) . 
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It has recently been reported by Bloch and Rittenberg that acetic acid 
participates in the synthesis of protoporphyrin.‘ It was suggested that g 
derivative of acetic acid may be utilized in a condensation resembling the 
Knorr synthesis for pyrroles. It may be concluded that the protopor. 
phyrin is synthesized in vivo from glycine and either acetic acid or some 
compound closely related to it. An analogous in vitro reaction is now 
known to occur; Fischer has recently found that a positive color test for 
pyrroles could be obtained after condensing formylacetone with glycine! 


Department of Biochemistry Davin SHemiy 
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COLORIMETRIC DETERMINATION OF VITAMIN A 


Sirs. 

In view of the recent note! which came from the press June 5, 1945, we 
wish to report, in advance of a more detailed article, our experience in the 
past 3 months with a new method independently discovered for determining 
vitamin A. 

Both glycerol a,y-dichlorohydrin and mixed glycerol dichlorohydrin (ap- 
proximately 70 per cent a,8 and the rest a,y)* will react.with vitamin A 
in either of the solvents ethylene dichloride or chloroform but will not react 
well in ethyl alcohol or isopropyl alcohol. The reaction with vitamin A 
follows Beer’s law up to at least 250 U. 8. P. units per ml. (520 or 660 my 
filters) under our conditions. Vitamin A has been determined in hexa 
multivitamin tablets containing vitamins A, B,, Be, C, and D, and niacina- 
mide with no interference from these vitamins. Vitamin D does not inter- 
fere with the vitamin A determination with a ratio of A to D of 5 : 3 (in 
terms of U. 8. P. units) but does interfere when the ratio is 1 : 2.5. Vi- 
tamin A in fish liver oils and multivitamin tablets determined by our pro- 
cedure shows agreement within 5 to 10 per cent with the vitamin A 
calculated by using the extinction coefficient at 328 my (£ 1m. X 2000). 

For the determination 2 drops of concentrated HCI followed by 5 ml. of 
the dichlorohydrin are added to 10 ml. of a chloroform solution of vitamin A 
containing 600 to 3000 U.S. P. units. The vitamin A solution is made by 
a simple dilution of vitamin A oil with chloroform or by filtering a chloro- 
form extract of ground multivitamin tablets. The mixture is shaken for 5 
minutes. The color, which is first blue, passes through blue, blue-green, 
pink, rose, violet, and dirty blue, and in 30 minutes appears as a clear blue- 
green which can be read in the photoelectric colorimeter (660 my filter). 
By reference to a standard curve based on spectrophotometric assays the 
vitamin A content is easily determined. The blue-green color so developed 
with one lot of dichlorohydrin has been stable in the light for almost 24 
hours, while other lots give a color stable for approximately 3 to 4 hours. 
If a standard run at the same time (on one of the latter lots of reagent) is 
allowed to fade along with the unknown sample, the compared readings 18 
hours later still give vitamin A values almost identical with those calcu- 
lated from the readings taken at 30 minutes. 

With the Beckman spectrophotometer and 20 my intervals the reaction 
with vitamin A plus the HCl shows four maximum density peaks between 


1Sobel, A. E., and Werbin, H., Federation Proc., 4, 104 (1945). 
*As a word of caution, the dichlorohydrins are reputed to be strong heart. and 
respiratory depressants. 
569 





570 LETTERS TO THE EDITORS 


100 and 800 my within 10 to 20 minutes after the start of the reactig 
These peaks are approximately at 440, 580, 640, and 740 my with a de 
When the reaction is allowed to take p 


minimum density at 500 mu. 
without HCl, the curve shows a maximum density peak at 560 my and the 


after a low density at 620 my a continuous rise in density to 800 mu. Wi 
the same quantity of vitamin A, the addition of the acid makes the densifj 
readings of the four maximum peaks over 2 to 3 times the density readi 
of the single maximum peak obtained without the addition of acid. 
Office of Marketing Services Louis FEnsrep 
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